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Elements 


URANIUM 


AND OTHER RADIOACTIVE ELEMENTS 





How to use this book 


This book has been carefully 
developed to help you understand 
the chemistry of the elements. 
In it you will find a systematic and 


comprehensive coverage of the basic 





qualities of each element. Each two- 
page entry contains information at 
various levels of technical content and 
language, along with definitions of 
useful technical terms, as shown in 
the thumbnail diagram to the right 
There is a comprehensive glossary 

of technical terms at the back of the 
book, along with an extensive index, 
key facts, an explanation of the 
periodic table, and a description of 


how to interpret chemical equations 


The main text follows the sequence of 


information in the book and summarizes Technical 
the concepts presented on the two pages. definitions 
/ 

















Also... explains 
advanced concepts, 


Photographs and diagrams 
have been carefully selected 
and annotated for clarity, 





Substatements flesh 
out the ideas in the 
main text with 
more fact and 
specific explanation. 


Equations are 
written as symbols 
and sometimes 
given as “ball-and- 
stick” diagrams ~ 
see page 48. 
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An element is a substance that cannot be broken down into a simpler 
substance by any known means. Each of the 92 naturally occurring 
elements is therefore one of the fundamental materials from which 
everything in the Universe is made. This book is about uranium 

and other radioactive elements. 


Radioactive elements 
In chemical reactions the atoms that make up the elements do not 
change. However, in some circumstances the atoms can be made to 
change (such as when two hydrogen atoms are made to fuse together 
to produce a helium atom) and some elements, such as uranium, 
continually change. Elements that continually change are called 
radioactive elements. 

All atomic change is characterized by 
a release of energy, which may be in the 
form of heat alone, heat and light together, 
or, as in the case of the radioactive elements, 
heat, light and the release of “radiation” 
(rays or particles of matter). 

All the elements with an atomic number 
of 88 and above in the Periodic Table 
(see page 46) are radioactive. In addition, 





some common elements (such as hydrogen, 
oxygen and carbon) have radioactive forms 
called isotopes. 
The changes in radioactive elements 
take place in the core, or nucleus, of the 
element’s atoms. This is why scientists call 
them nuclear reactions and why we use such 
terms as nuclear energy and nuclear bombs. 
Nuclear reactions are often far more 
powerful (they release much more energy) 


ee 











than chemical reactions. This is why they have been used in 
bombs as well as in power stations. However, when properly 
handled, they are not any more dangerous than chemical reactions. 

Radioactivity — energy given out by a radioactive substance — 
is a result of changes to the nucleus of an atom. The atoms of the 
radioactive elements send out, or radiate, particles and waves of 
energy from their core (nucleus) without any form of chemical 
reaction. 

Radioactivity is as old as the Universe, yet it was only discovered 
quite recently. Radium, the first radioactive element to be 
discovered, was only noticed in 1896, when French scientist Antoine 
Henri Becquerel accidentally left an unexposed photographic plate in 
a drawer next to a piece of ore that 
contained radium. When he developed 
the plate, he found that it had been 
“fogged” by the radioactivity from 
the radium. The word radioactivity 
was suggested in the early years of this 
century by Pierre and Marie Curie, 
who did much of the pioneering 
work on radioactive elements. 

Radioactive elements are not stable 
like other elements. Because they 
continuously give out radiation, they 
are also always changing. Although 
radium and uranium are probably 
the best known of the radioactive 
elements, there are many others with 
very useful properties, as we shall see. 


<4 Testing the construction of the fuel-rod assembly 
before inserting the radioactive material 
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Inside the elements 


Chemistry is concerned with the exchange or sharing of electrons 
in the outside regions of an atom, rather than with what happens 
in the core of an atom, in the nucleus. You could compare this 
to a traffic planner who is concerned only with the way vehicles 
move, not with how their engines work. 

However, when working with radioactive elements, scientists, 
and especially physicists, need to understand the nature of the 
particles that make up the atoms, much as a vehicle- 
maker needs to know how engines work. 

Radioactive elements vary greatly. 

All are quite rare; most are metals. 
But radioactive isotopes cannot 
be used in the same way 

as other metals — to make 

new materials. Indeed, 

if used this way they 

could make rather 

dangerous materials. 

Rather, radioactive 

elements are used 

for their radioactive 

properties alone. 5 


Unstable nucleus — 


D A radioactive atom, showing 

2 particle being emitted from the 
nucleus. The other diagrams in this 
book are representations of the 


nucleus and not the whole atom. aaa 
Z 


¥ Electrons orbit 
Particle emitted the nucleus 
by the nucleus 








What makes an element radioactive? 
Inside an atom there are three kinds of particle: 
protons, neutrons and electrons. The nucleus, the tiny 
core of the atom, contains protons (positively charged 
particles) and neutrons (so called because they are neutral 
and have no charge). The region beyond the nucleus 
contains (negatively charged) electrons that balance out 
the charge of the protons. The electrons are usually thought 
of as orbiting the tiny nucleus, like planets orbiting the Sun. 
As you would expect, properties of an atom give rise to 
some of the most important properties of an element. For 
example, the atomic number of an element is equal to the 
total number of protons in an atom (the atomic number 
of each element is given on pages 46-47). The total 
number of protons and neutrons gives the atomic 
weight (mass). There are roughly as many protons 
as neutrons, which is why the atomic weight is 









In some cases several versions of the same 
element occur, identical in all their chemical 
properties and varying only in the number 
of neutrons they contain. Each of these 
variations is called an isotope (meaning 

“the same but different’). 

Because like charges repel each other, 
there is always a force trying to push the 
protons apart. Provided there are not too 
many protons in the nucleus, other forces 

can hold the protons together. But if the 
ratio of protons to neutrons is not within 
certain limits, protons may not be held 
firmly together, and they form an unstable 
nucleus. This is what makes isotopes of 
some elements radioactive. 
For example, carbon, the element found 
in all living things, has the chemical symbol C. 
The normal form (isotope) has an atomic weight 
of 12 and is written °C or carbon-12, but the 
radioactive version (the radioactive isotope) has 
two extra neutrons, so its symbol is '*C (carbon- 
14). As we shall see. the radioactive form behaves 
chemically just like the nonradioactive form, 
although one will never change into the other. 





about (but not exactly) twice the atomic number. 


atom: the smallest particle of 
an element. 


electron: a tiny, negatively 
charged particle that is part of 

an atom. The flow of electrons 
through a solid material such as a 
Wire produces an electric current. 


isotopes: atoms that have the same 
number of protons in their nucleus 
but which have different masse 
example, carbon-12 and carbon-14. 





neutron: a particle inside the 
nucleus of an atom that is neutral 
and has no charge 





proton: a positively charge; 
particle in the nucleus of an 
atom that balances out the charge 
of the surrounding electrons. 


Also.. 
The origin of the elements 





Why do we have so many different 
elements and where did they form? 
This is a question that a nuclear 
scientist is best able to answer, 
because the answer lies in the core, 
or nucleus, of atoms 

At the beginning of time 
(the instant of the creation of the 
known Universe, called the Big Bang 
the only element in existence was 





hydrogen. All the other elements are, 





in some way or another, “daughters 
of hydrogen. So, for example, 
hydrogen atoms are forced together 
(fused) to make helium and so on 
down a long line. In this line carbon, 
for example, is transformed into 
oxygen. Together the elements 
created by fusion make the stuff of life 
Nuclear reactions are the most 
fundamental of all reactions, creating 
the elements themselves. They are 
going on today, just as they have 
been happening since the Big Bang 
Most nuclear activity occurs in the 
stars, although a small amount is 
happening in the rocks of the Earth. 
But even nuclear reactions on a small 
scale are noticeable because of the 
outpouring of energy — radiation — 
that accompanies any nuclear change. 
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Types of radioactivity @>-- 


There are a number of ways in which a @ joe 
nucleus can changes. Each change shown 


here produces a different type of radiation. 
: V Alpha radiation 






Alpha particles 

The nucleus breaks down. A stable combination of 
two protons and two neutrons (known as an alpha 
particle) is ejected from the nucleus as it decays. 

As it happens, an alpha particle is also the nucleus 
of the atom of helium. If it captures two electrons, 
it can become a neutral helium atom. It does this 
All alpha particles 
adily transform into helium atoms. 





by crashing into nearby atoms. 
n 








The nucleus emits 
an alpha particle and 
forms a new nucleus. 





The remaining atom has less mass and less 
charge than before, so it becomes a new element 
with a lower atomic number. This process typically 
occurs in heavy elements like uranium. In this way 
y : ¥ Beta radiation 
unstable radioactive uranium eventually changes 


(decays) to nonradioactive, stable lead. (Beta particle 


Beta particles 

The nucleus breaks down and ejects an electron 
(which is called a beta particle). What remains 

is a new element with a higher atomic number. 
This commonly happens in light elements. 

Thus, for example, tritium (an isotope of hydrogen) 
breaks down into helium, carbon changes to 


The neutron in 

the nucleus changes 
into a proton and 

an electron, instantly 
emitting a beta particle. 


nitrogen, and nitrogen changes to oxygen. 


Gamma rays 
The nucleus breaks down and rearranges itself 


V Gamma radiation 


into a tighter cluster, sending out a wave of 


energy. The wave of energy is called gamma 





radiation, It is the same type of radiation as X-rays. 
Gamma rays carry enough energy to damage cells. 
This is how they kill living matter. It is for this 
reason that radioactive sources have to be shielded 
behind some absorbing material such as lead. 


Neutrons 

The nucleus breaks down and emits neutrons. 
“Streams” of neutrons were first observed when 
light elements such as beryllium were placed next 








to radioactive substances that emitted alpha particles. ie nucleus emits surplus 


eee. 
(8) 








| alpha particle: a stable combination of 
two protons and two neutrons that is ejected 
from the nucleus of a radioactive atom as it 


decays. An alpha particle is also the nucleus 
B) of the atom of helium. If it captures two 
electrons, it can become a neutral helium atom 





beta particle: a form of radiation in which 
electrons are emitted from an atom as the 
nucleus breaks down. 





I electron: a tiny, negatively charged particle 





JB that is part of an atom. The flow of electrons 
through a solid material such as a wire 


produces an electric current 


I gamma rays: waves of radiation produced 
as the nucleus of a radioactive element 





rearranges itself into a ughter cluster of 


J} protons and neutrons, Gamma rays carry 
‘A In 1917, scientist Ernest Rutherford was the first person to change one gi . 


element into another. He transformed nitrogen into oxygen. In this picture, Hi enough energy to damage living cells 
Lord Rutherford (center) is accompanied by Dr. E. S. Walton (left) and Jy neutron: a particle inside the nucleus o 
Dr. J. Cockroft (right) Ban atom that is neutral and has no charge 





Y Different forms of radiation have different powers of penetration w nucleus: the core of aniatom, a tiny region 
Alpha particles are the least penetrating and reach only a few centimeters ie 
from the radioactive source. This is why plutonium and uranium can be . 
handled safely with rubber gloves. Beta particles will travel a few meters 
and penetrate bodies, but are stopped by metals. Gamma rays (emitted B) the nucleus of an atom that balances out 
by, for example, cobalt 60) will travel for several kilometers from the a iherchaccerde tik sutonndine Gleceany 
radioactive source, and they will penetrate through most metals. They are 
only stopped by lead and thick concrete. Neutrons can be absorbed by dense 
polyethylene, water, concrete (which contains water) and other compounds 


where protons and neutrons are held together 





proton: a positively charged particle in 





radioactive de 





ay: a change in a radioactive 
element due to loss of mass through radiation 


that contain hydrogen. {For example, uranium decays (changes) to lead 
Aluminum Veid 
Hand (1 mm thick) (1.5 mm thiek) Concrete 


Alpha radiation \ : 
| 
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Beta radiation 






Gamma radiation 
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Neutron radiation 









































Changing one element into another 


The change from one element to another is called 
transmutation. Remember that atoms are made up of 
different combinations of protons, neutrons and electrons, 
so the breakup of a neutron leaves behind an atom with 

a different combination of neutrons, protons and electrons. 

This new combination is a new element. So when 
uranium loses nuclear particles, a whole chain of events 
is set in motion until finally lead is created. Different 
forms of radiation are produced during this process. 

The chain of events tends to happen very slowly, 
sometimes only over many millions of years. As we shall 
see, this slow rate of change gives rise to one of the main 
problems of dealing with radioactive materials. 

In nature new radioactive materials are produced all the 
time. This is because particles from space (known as cosmic 
rays) are continually bombarding the air and the planet’s 
surface (including our bodies). The particles they contain 
have enough energy to change nitrogen-14 in the 





atmosphere to carbon-14, which is absorbed in living tissue 
in the same way as carbon-12. For this reason, carbon-14 


can be used as a radioactive “clock” (see page 18). 


@ Beta radiation 


 Carbon-14 gives out beta 
particles as a neutron splits up 
into a proton and an electron. 
The increase in protons produces 
a new element, nitrogen, as the 
electron is emitted 





Carbon-14 Nitrogen-14 








Neutron 





V Radioactive potassium 
changes to argon gas. 





Potassium-40 





YV Uranium-238 loses an alpha 
particle and its nucleus gets 
smaller. As a result, its atomic 
number decreases by two, 
forming the new element 
thorium. At the same time, 
energy is given out. 


Uranium-238 


Argon-40 


alchemy: the traditional “art” of working with 
chemicals that prevailed through the Middle Ages. 
One of the main challenges of alchemy was to make 
gold from lead. Alchemy faded away as scientific 
chemistry was developed in the 17th century. 


cosmic rays: particles that fly through space and 
bombard all atoms on the Earth’s surface. When 

they interact with the atmosphere, they produce 

showers of secondary particles. 


transmutation: the change of one element into 
another. 


Also... 

The alchemist’s dream 

In the Middle Ages alchemists worked to 

change lead (a common and cheap metal) into 

gold (a rare and expensive metal). They called 

the process they were secking transmutation, 
But no matter how hard they tried, they could 

not achieve this by chemical means. In fact, no 

chemical or mechanical process can change the 

nucleus of an atom. It can be hit with a hammer 

or boiled in acid without change. This is because 

in chemical reactions, there is not enough energy 






to change the nucleus of the elements themselv 
only the way they are combined, 

In a curious twist of fate, the alchemists little 
knew that nature had achieved transmutation 
sinc 





the beginning of time. The change from 
Alpha radiation one element to another is a “simple” matter of 
changing the number of protons in the core of 
an atom. In fact, radioactive decay has taken place 
since the earliest moments of the creation of the 
Universe, changing one element into another, 


but not lead into gold! 








Thorium-234 








Measuring radioactivity 


When Henri Becquerel first detected radioactivity, it was because 


it had caused a photographic plate to become fogged. It was quite 


natural, therefore, that Becquerel should use photographic film as a 


radiation detector. By seeing how much a film had become fogged, 


he was able to get a rough guide to the intensity of the radiation. 


This technique is still used to measure the amount of radioactivity 


received by hospital or laboratory workers. The small badge that 


such people wear contains a film that is developed on a regular basis. 


Geiger counter 
One of the early workers in the field 
of radioactivity was Hans Geiger 
He developed a sensitive radiation 
detector using a gas-filled tube 
The Geiger—Miiller tube (Geiger 

counter) is a metal tube fitted with a 
thin metal wire at its center. The tube is 
filled with gas (usually a mixture of neon 
and bromine gases) at very low pressure 
A large voltage is applied between the 
central wire and the outer casing 

Normally nothing happens. But in the 
presence of radioactivity, radiation causes 
some of the gas atoms to break up (they 
ionize). This allows the gas in the tube to 
conduct electricity. The flow of electrical 
current can be detected on an electrical 
meter. In many Geiger counters the flow 
of electricity goes into a special circuit that 
makes clicks in a loudspeaker. The greater 
the intensity of the radiation, the more 
often current flows and the more clicks 
are heard each second 

Each of the types of radiation has 
a different power of penetration, so 
cylinders can be designed with “windows” 

different thicknesses of body wall — in 


order to measure each type of radiation 





A A film badge measures the dose and type of radiation its wearer 
receives. Like the Geiger counter, badges have different “windows” 
(thicknesses of shielding over different parts of the film) for this purpose. 


V A modern Geiger counter. 














becquerel: a unit of radiation 


equal to one nuclear disintegration 





per second 


curie: a unit of radiation 
The amount of radiation emitted 
by 1 g of radium each second. 

The cunie is 3 





billion becquerels 


ion: an atom, or 





roup of atoms, 





that has gained or lost one or more 
electrons and so developed an 


electrical charge. Ions behave 





differently from electrically neutral 
atoms and molecules. They can 
move in an electric field, and they 
can also bind strongly to solvent 
molecules such as water. Positively 
charged ions are called cations; 


negatively charged ions are called 





anions. Ions carry electrical current 
through solutions 


<4 Using a Geiger counter to detect 
radioactive emissions on contaminated 
wasteland. 


Also... 


The C 
to measure the amount of radiation 


er counter has been used 





emitted by one gram of radium each 


second. This value, 37 billion pulses 





of radiation per second, has been 
used to define a unit of radiation 
called the curie. Another unit is 
the becquerel, one pulse of radiation 


The outer metal tube 
acts as the cathode. 











per second 


Radiation 
The thin metal wire 


; acts as an anode. 
The metal tube is filled 
with neon and bromine 
gasses at low pressure. 


D This diagram shows the 
components of a Geiger counter. 


450 V supply, amplifier and _/ 
counter (which measures 
the counts per minute) 














Background radiation 


Radioactivity is a fundamental part of the 
Universe, and therefore we should expect 
to find natural radiation on Earth. In fact 
we experience radiation from a variety 

of sources as a normal part of our lives. 
Together, radiation from these sources 
makes up “background radiation.” 

The levels of background radiation have 
been increased by about one-fifth because 
of human activities this century, although 
the vast majority of background radiation is 
still from natural sources. A few people are 
more at risk than others from background 
radiation, especially those living in houses 
built above rocks rich in radium and from 
which radon gas seeps to the surface. 


Cosmic radiation 
This is a term for all the forms of radiation 
that reach the Earth from other parts of the 
Universe, including the Sun and all other stars 

Victor Franz Hess, an Austrian physicist, was 
the first person to prove that radiation continually 
reached the Earth from space. He received the 
Nobel Prize in 1936 for this discovery 

Hess made measurements in balloons that 
showed that the amount of radiation increased 
with height. At the height an aircraft travels, 
the radiation is several times that on the Earth’s 
surface. This means that frequent airplane 
flyers are slightly more exposed to radiation 
than those who never fly 

Most cosmic rays are protons, but there are 
also alpha and beta particles. Cosmic radiation 
can be of the order of 1 particle/sq cm/second 


D Radon gas is most 
concentrated over igneous 
rocks such as granite 


(14). 


Radioactive carbon dioxide 
Cosmic rays bombard all the gases 
in the upper atmosphere. One 
effect is to change nitrogen-14 to 
carbon-14, the radioactive isotope 
of carbon, When carbon-14 and 
oxygen combine in the upper air, 
they produce radioactive carbon 
dioxide. Some of this is absorbed 
by plants and can be used to 


determine their age (see page 19). 


¥ This pie chart shows the 
main sources of radiation 


Natural background radiation 
from the ground (about 37%) 























Medical (11.5%) 


Radiation from man-made sources 
is dominated by X-rays and fallout 
from nuclear reactors (about 13%) 





I radioactive decay in a radi 





tive 





rough radiatiot 
i For 
Bh X-rays: a form of 


<4 Medical X-rays are an important 
contributor to man-made radiation 


Man-made radiation 
Just under one-fifth of the radiation we receive 





is from many everyday sources, such as having 
Radiation from the ground 
Radioactive elements in rocks are found in 


groundwater and soils. They produce about 


an X-ray in a hospital. Other factors contributing 
to low-level background radiation include some 


radioactive gases and liquids released by nuclear 





half of the natural background radiation 
Radium, a natural element found in many 
rocks, especially those associated with granite 


power stations. Very occasionally there is an 
increase in this background radiation due to 


in the atmosphere 





nuclear weapons testi 


and other volcanic materials, decays to release or an accident in a nuclear power station 


life-threatening radon gas. 


D Smoke detectors use a 

minute amount of radioactive 
material separated by a small air 

gap from a detector. When smoke 
particles enter the air gap, they 
reduce the count rate registered 

by the detector, and the alarm is 
triggered. This provides a cheap and 
effective means of helping to prevent 
deaths by fire. Such detectors emit 


Natural background radiation 
from space (about 33%) 





Nuclear 
discharges 
(0.1%) 


Fall-out (0.5%) 


/ Occupational (0.4%) 
Miscellaneous (0.5%) 


very low-energy beta radiation, 
which is easily absorbed by the 

surrounding air and so does not 
present a health hazard or \ 
contribute significantly to the 
normal background radiation 





Sensing chamber containing 
radioactive source 


Our radioactive bodies 

Our own bodies have many atoms within them, 
some of which are naturally radioactive. The most 
common of these is radioactive potassium, making 
up about one in ten thousand atoms of potassium 
As these atoms decay, they release about a tenth 
of a microcurie, meaning that 3,700 nuclear 
disintegrations take place inside your body every 


second. Thus about 17% of the background radiation 





We receive occurs inside ourselv 








(15) 








Half-life 


Radioactive materials are widely scattered 

in all the rocks of the Earth. Pick up any 

volcanic rock from the ground, and it is likely 

to contain atoms of radioactive elements. 
Radioactive elements send out radiation 

all the time, although gradually the level 

of radiation decreases. However, whatever 


the level of radiation, all radioactive materials ¥ Radioactive decay of 
Sees ig carbon-14: a graph of 
lose half of their remaining surplus energy count rate against time. 


at a fixed rate. Thus, the time taken for a 

piece of an element to lose half of its ae 

remaining energy is always the same, °-— Se 

whether the radioactivity is strong or weak. 20.00 
The rate of change is described by the 

term half-life, meaning the time it takes 

for the radiation of an element to decrease 


by half. 


Decay: forever 

Any very radioactive material will emit with the 
greatest intensity (and so be at its most dangerous) 
for a relatively short time after it has formed because, 


as the chart shows, it decays by fission fastest soon 





after its formation. This means that the useful energy 10.00 
from a radioactive element lasts for a relatively short 
time. Thus fuel rods in nuclear reactors have to be 


changed from time to time (see page 34). 


Count rate (counts per minute) 


The element may lose much of its energy at an 
early stage in its decay, but it never becomes fully 
stable, or finishes decaying. Thus radioactive elements 
remain slightly radioactive forever. This is why there 5.00 
is a problem in dealing with radioactive materials that 
contain long-lived isotopes; the long half-life means 
that the material takes a long time for the level of 2.50 
radioactivity to fall to a trivial level. Some sources 
include warheads from nuclear devices, spent fuel 1.25 
rods from nuclear power stations and spent sources 0.00 
from medical equipment 











Half-lives 

The half-lives of radioactive elements 
show dramatic differences. Most artificial 
radioisotopes have very short half-lives. 
Those radioisotopes that have naturally 
short half-lives have decayed away earlier 
in the history of the Earth. As a result, 


fuel rods: the rods of uranium or other radioactive 
material used as a fuel in nuclear power stations. 


half-life: the time it takes for the radiation coming from 
a sample of a radioactive element to decrease by half. 


radioisotope: a shortened version of the phrase 
radioactive isotope. 














natural radioisotopes are dominated by Element Half 
those species with long half-lives. The only Carbon14 5,730 years 
exceptions to this are radioactive isotopes Cobalt-60 5.3 years 
like carbon-14, which are regenerated by Hydrogen-3 (Tritium) | 12.3 years 
cosmic rays in the atmosphere. Polonium-210 138 days 
Radium-226 1,600 years 
DP The half-life of radioisotopes Uranium-238 4.5 billion years 
can vary greatly, = : u 
5,730 years 5,730 years 5,730 years 
~- + - > << 
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Radioactive clocks 

Every radioactive element decays by emitting 
radiation and particles until it changes into a stable 
element. Sometimes it passes through a series of 
transformations into other radioactive elements 
before finally becoming stable. Each radioactive 
element also has its own steady rate of decay. 

To see how this happens, consider the 
following example. Suppose a piece of an element 
loses half its surplus particles and radiation in the 
first 10 years after it has formed. This is taken as 
the “tape measure” for radioactive decay, or half- 
life (see page 16). Half of what remains would be 
lost over the next ten years. At the end of 20 years 
there would be half of a half, or one-quarter of 
the starting amount. Ten years later there would 
be half of one-quarter (one-eighth) of the starting 
amount and so on. Because of this constant and 
predictable rate of change, it is possible to use it 
as an extremely accurate clock. 

Several radioactive elements have very long 
half-lives (they decay very slowly) and they can 
be used for dating rocks. For example, radioactive 
potassium occurs in minerals such as hornblende 
and mica, and these minerals are found very 
widely in igneous rocks. 

Rubidium is another radioactive element 
found in ancient volcanic rocks. The decay of 
rubidium to the stable element strontium has 
been used to date the world’s oldest surviving 
rocks (at 3.8 billion years). 

The Moon’s rocks have also been dated by 
this method, providing us with a date for the 
origin of the Solar System of about 4.6 billion 
years ago. 

a 
8 
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A The minerals from igneous rocks 
such as granite and basalt contain 
radioisotopes. Their decay can be 
accurately measured to estimate 

a date for the rock formation. This 
sample is granite, which is widely 
found on continents. Basalt is the 
most common rock of the ocean 
floors. By using such samples, both 
land and sea rocks can be dated to 
help build a clearer picture of 
geological change. 


¥ These archaeologically significant 
human remains were trapped in the 
peaty fibers of a marsh. By the use 

of carbon dating it was possible for 
scientists to ascertain the exact age 
of “Pete Bog.” 





es 





basalt: an igneous rock with a low 
proportion of silica (usually below 55%) 
It has microscopically small crystals 





J granite: an igneous rock with a high 
proportion of silica (usually over 65%) 
It has well-developed large crystals 
The |. 
are of feldspar 


rgest pink, gray or white crystals 








half-life: the time it takes for the radiation 
coming from a sample of a radioactive 





element to decrease by half. 


igneous rock: a rock that has solidified 
from molten rock, either volcanic lava 

on the Earth’s surface or molten magma 
deep underground. In either case the rock 
develops a network of interlocking crystals 


<4 The round table was thought to have belonged 
to King Arthur of England and therefore date from 
the 6th century. Carbon dating revealed that it was, 
in fact, made in the 13th century. 


Carbon-14 

Carbon-14 is a radioactive isotope found 
in living things. It is produced high in 
the atmosphere where nitrogen-14 is 
bombarded by cosmic rays. 

All forms of carbon dioxide are 
absorbed by plants and used to form 
tissues. As long as the plants, or animals 
that feed on them, are alive, there is a 
constant amount of radioactivity in the 
tissues, because old, decaying carbon-14 
is replaced by further high-activity 
carbon-14 from the air. As soon as the 
organism dies, the carbon is no longer 
absorbed and so the amount of 
radioactivity begins to decrease. 

By measuring the radioactivity of 
carbon in a sample of organic material 
— timber, cloth, seeds, mummified 
bodies, etc. — its age can be accurately 
determined. Carbon-14 has a long half- 
life (about 5,600 years). It can readily be 
used to date materials that are up to ten 
thousand years old — and a few even 
older samples have also been dated. 














Radioactive tracers 


Many radioactive materials are used to trace 
how chemical reactions have taken place, what 
happens to materials in nature and what happens 
inside the body. These are called radiotracers. 

The important factor in the use of 
radiotracers is that both a radioactive isotope 
and its stable counterpart behave in much the 
same way in the environment. And because 
radiotracers can be detected at extremely low 
concentrations (sometimes down to one part 
in a trillion), it is possible to tag material with 
radiotracers even for such sensitive investigations 
as medical diagnosis. 

A wide range of tracing isotopes is available 
for use. In farming research, for example, 
scientists label fertilizers with radioactive 
nitrogen, potassium or phosphorus to examine 
how plants take up nutrients from the soil. 

In medical diagnosis radioactive iodine is used 
by doctors to work out how fast iodine is taken 
up by the thyroid gland. Our bodies need some 
iodine, and when the rate is low, people may 
suffer from goiters and other problems. 

Radioactive technetium, a synthetic element, 
is used by doctors to find out how various 
organs work. For example, doctors can inject 
it into the bloodstream to find the location 
of brain tumors. 

Sodium, as salt, is naturally present in the 
blood supply. Radioactive sodium is used 
to trace the way the blood flows through 
the arteries and veins. Radioactive strontium 
(which behaves like calcium in the bones) 
is used to trace bone growth. 
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Detecting pollution 
Radiotracers are widely used 

to monitor the behavior of 
pollutants in the environment. 

A small amount of radiotracer 
added to the discharge of a 
factory, for example, presents 

no health hazard in itself, and 

the tracer can be used to examine 
what happens to the effluent. 


Tracing holes in metal 
Companies that make high- 
precision metalwork such as 
aircraft engines need to check 

to make sure there are no tiny 
holes in the metal they use or 

the welds they have made. X-ray 
examinations are often used for 
this purpose. Because X-rays are 
absorbed by metal, they cannot be 
used to examine very thick metals. 
In these cases, it is sometimes 
possible to look at the way oil 
behaves in an engine by using 
neutron radiography techniques. 
In this method a source of neutrons 
is used. Neutrons are absorbed by 
any hydrogen-containing material, 
such as oil, so even tiny leaks will 
show up as a change in the 
absorption of neutrons. Thus, 
possible leaks can be traced. 


> Radioactive xenon can be used as a 
tracer for medical use. In this picture the 
patient is inhaling a gas mixture that 
includes radioactive xenon. This will 
concentrate in the blood vessels of the 
brain. Detectors in the helmet that is 
placed over the patient's head trace the 
gamma rays emitted by the tracers, and a 
computer is used to interpret the data and 
create a graphic image of the circulation in 
the patient’s brain, as can be seen on the 
computer monitor in the background. 








Tritium 
Tritium (hydrogen-3) is a natural radioisotope 
of hydrogen, with a half-life of about 12 years 
It is produced as cosmic rays bombard hydrogen 
atoms inside water vapor molecules in the upper 
atmosphere. 

Tritium is washed out of the atmosphere and 


then continues on in the water cycle (i.e., through 


plants, soil, rocks and rivers to the oceans 
Atmospheric nuclear tests greatly increase 

the amount of tritium in the air, which can also 

. This has allowed 





be detected in the water cyc 
scientists to follow the slow movement of 
underground waters 

Tritium is used to make nuclear weapons — 


hydrogen bombs. 


radioisotope: a shor! rsion of the 
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radiotracer: a radioactive isotope that is added 





terial in order to 





le, nonradioactive m. 





¢ how it moves and its concentra! 





Tracers detect leaky pipes 
Radioactive tracers can be fed into water 


yer counter used 





or 





1s pipes and a Ge 
to detect places where the amount of 

activity is high. This will be where the 
tracer is leaking into the surroundings 
and becoming concentrated 


By usir x stretches 





this technique, lo 





of ground do not have to be dug up 


unnecessarily 














Radium 


Radium (chemical symbol Ra) is a radioactive element with 
of calcium and barium. 
ray.” Radium 





chemical properties similar to thos 
Its name comes from the Latin radius, meaning * 
was the first radioactive element ever discovered, and the 
word radiation also comes from the same Latin source. 
Radium is found combined with the more widely 
known radioactive element uranium. In 1896 Antoine 
Henri Becquerel discovered by accident that a compound of 
uranium caused photographic plates to become fogged just as 
though they had been exposed to light. From this observation 
it became clear that the ore was sending out invisible rays that 
had the same effect on the photographic plate as light rays. 





The difference was that these rays could penetrate materia 
such as paper and wood and thus fog a photographic plate 
even though it had been carefully wrapped up. 

Marie and Pierre Curie refined many tons of uranium 
ore (pitchblende) before they found the element radium. 
(It is usual to find just one gram of radium in every seven 
tons of pitchblende!) 

Radium is found alongside uranium because it is one of 
the elements formed by the transmutation of uranium as it 
decays (see page 10). However, far more uranium will already 
have become lead, so that only one part in three million of 
uranium has still to become radium (and this, in time, will 


also become lead). 





Because radium was one of the first radioactive elements 
to be examined, the way it changes with time has been used 
as the measure of radiation. The units of radiation, the 
becquerel and the curie, are named after these early pioneers. 

Most compounds of radium are colorless when first 
prepared, but they become colored upon standing, 
because the intense radiation causes changes in the 
atoms of the compounds. 

Radium is little used today. 








A Marie and Pierre 
Curie at work in 
their laboratory in 
France, 1903. 
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becquerel: a unit of radiation equal to 
one nuclear disin 





ation per second 


curie: a unit of radiation. The amount of 
x of radium each 


radiation emitted by 1 
second. (The curie is 37 billion becquerels.) 


transmutation: the change of one element 








into another 





J X-rays: a form of very short-wave radiation 


Radon 

Radon is a radioactive gas that occurs 
naturally in rocks and soils. Radon is 
emitted from the radioactive decay 

of radium and has a half-life of about 
3 days. It is responsible for about half 
of the natural background radiation 
14). 


Radon levels can be high above 





on Earth (see pag 


areas where there are granite rocks. 
The gas can build up inside homes as 
it seeps from the ground. In such areas 
special precautions have to be taken 
to ventilate houses. If this is not done, 


then the radioactivity, breathed as gas 





into the lungs over a number of y 





can increase the risks of cancer 


Marie and Pierre Curie 
The husband-and-wife team of Marie and Pierre Curie is most commonly associated with 
the discovery of radioactivity. 

Pierre Curie was interested in the nature of crystals and how their properties could be used. 
He became the head of the laboratory in the Ecole de Physique et de Chimie Industrielle in 


Paris. After their man Marie Curie studied the strange nature of radioactivity that had been 





discovered accidentally in 1896 by Henri Becquerel. During this work the Curies discovered a 
new radioactive element, polonium (named after Marie’s country of origin, Poland), and then 
radium. By 1903 the Curies and Henri Becquerel had been honored with the Nobel Prize for 
Physics for discovering radioactivity. 

After the accidental death of her husband, Marie became a lecturer in the Sorbonne University 
in Paris and received a second Nobel Prize in 1911, on this occasion in chemistry for finding out 
the properties of radium. 

Later, Marie Curie become interested in X-rays and saw their potential for use in medicine. 
Sadly, her death from leukemia was the price she had to pay for working so long with radioactive 
materials without the knowledge that radiation could be harmful to people. 

The work of the Curies, coupled with other research that explained the structure of atoms, 
led the way to realizing that it was possible to release nuclear energy. 














Uranium 


The element uranium, chemical symbol U, 
is named for the planet Uranus, since the 
planet was discovered in 1781, just eight 
years before the element uranium. 

Uranium, a silvery-white, extremely dense 
metal, was first discovered in the mineral 
pitchblende. Uranium is not an especially 
rare mineral. It is more plentiful than, say, 
mercury or silver. However, it has become 
of vital importance in the nuclear age. 


An overwhelmingly large proportion 





of uranium on Earth is uranium- 

This makes it the heaviest atom commonly 

found in nature. Uranium turns blue in 

air because it develops an oxide coating. 
Uranium is not found in concentrated 

form; many tons of ore have to be processed 

to obtain even one gram of the element. 

The biggest deposits of uranium ore 

are at Blind River, Canada, in South Africa, 

Australia, France, and in Colorado and 

Utah in the United States. 


The most important compound of uranium 


is uranium hexafluoride gas, which can be 


used to separate uranium-238 from uranlum-— 





Release of energy 
Uranium can be used to release enormous amounts 


of energy, for both peaceful and milita 





suTposes 


The energy rel 





ram of uranium is 





about two and a ha 


released by burning 


The main way t I 





as nuclear fission. It is described 


35, the main ingredient of the atomic bomb. 





P A uranium mine in 
Namibia. Notice how the 
mine is geared to extracting 
very large quantities of rock. 
The structures on the site 
include concentrating plants 
to improve the proportion of 
element to rock as much as 
possible before transporting 
it to a smelter 


VA sample of uranium 
ore or pitchblende 














fission: the breakdown of the 
structure of an atom, popularly 
called “splitung the atom” because 
the atom is split into approximately 





two other nuclei. This is different 
from, for example, the small 


change that happens when 





radioactivity is emitted. 


mineral: a solid substance made of 
just one element or chemical 


} compound 


Uranium reprocessing 
Concentrated “enriched” 
uranium oxide (containing more 
uranium-235 than normal) is 
used in the form of rods as a fuel 
in nuclear reactors, Over time 
the reaction inside the nuclear 
reactor changes the uranium to 
other materials. Thus the amount 
of uranium left in the fuel rods 
decreases, and a point is reached 
at which there is not enough 
uranium left to keep the reactor 
going. At this stage the uranium 
has to be reprocessed, separating 
the unspent uranium and 


reforming it into rods 


Uranium produces helium 
As uranium decays, it releases 
alpha particles that capture 
electrons from other atoms to 
form helium gas. This is the 
source of helium gas trapped in 
ancient rocks. However, uranium 
can also be made to split into new 
nuclei when it is bombarded by 
neutrons. This latter property is 


used in weapons and reactors. 











| Other common radioactive elements 


A whole series of radioactive elements has been 
discovered in the last century. Most of these do 
not occur naturally or, if they do, exist for only 
very short periods of time. 

In fact, many new elements can be made in 
the laboratory by bombarding an element with 


neutrons. This is done inside a nuclear reactor. 


Plutonium 
Plutonium, a silvery metal with a half-life of 24,000 years. 


was discovered in 1940 and named after the planet Pluto. 
It occurs in very tiny quantities in association with 
uranium. Large lumps of plutonium are warm to the touch 
| due to the natural release of energy within the material 
Most of the plutonium needed is made from uranium 
Plutonium is a vital fuel for nuclear reactors and nuclear 
bombs, It is used especially as a fuel in the types of reactor 


| designed by France and Russia. A mass of just 5 kg of 





plutonium (about the size of a large orange) will make 
1 nuclear bomb 


Plutonium has also been used successfully to make lo: 





life batteries used in heart pacemakers and for powering 
long-distance spacecraft such as the Voyager series 
The radiation from a piece of plutonium is very readily 
shielded, for example, by rubber gloves. The major 
concern is from plutonium dust that might be inhaled 
Plutonium is chemically similar to calcium and therefore 


can replace it in bones, irradiating the nearby marrow cells 





ind causing leukemia 


DP The fuel element 
from an advanced gas- 
cooled reactor. When 
filled with fuel, one of 
these elements produces 
as much energy as about 
3,000 tons of coal. 


<4 Handling radioactive 
materials in lead-lined 

















fallout: radioactive particles that reach the 
ground from radioactive materials in the 


ssphere 
atmospher 


half-life: the time it takes for the radiation 


coming 





from a sample of a radioactive 
element to decrease by half 


Strontium 

Strontium is a soft, silvery metal that 

behaves very much like calcium. 

Strontium-90 has a half-life of 28 years. 
Strontium was discovered nearly two 


centuries ago, but its radioactive forms 





were only discovered much more 
recently 

Strontium-90 is one of the products 
of nuclear explosions, and as a result 
of them, levels of strontium in the 
atmosphere increased during periods 
of atmospheric nuclear tests. 

Because it becomes absorbed by the 
bones and can irradiate marrow cells and 
cause leukemia, strontium is thought to 
be the most dangerous form of radioactive 
fallout from nuclear explosions 


Cobalt 
Cobalt (symbol Co) is a hard, silver metal 
It gets its name from the German Kobold 





(a mythological underground demon). 
The ores in which cobalt are found also 
contain arsenic, and the first people to 
work the ore died from arsenic poisoning, 
Ironically, cobalt is a vital trace element 
and important for health, Zaire has two- 
thirds of the world’s reserves of cobalt 

Cobalt-60 is an artificially produced 
isotope (form) of cobalt. It is made by 
bombarding naturally occurring cobalt-59 
with neutrons inside an atomic reactor 
Cobalt-60 has healing properties when 
used as part of radiation therapy. It is used 
as a source of gamma radiation, which is 
similar to X-rays 














Cae jae 
Fission: splitting the atom 
Fission is the process of splitting up the core, or nucleus, 
of an atom into two smaller pieces. 

When an atom breaks apart, each of the parts carries 
with it more energy than it would have in nature, 
and this energy is lost as heat, radiation and particles. 

It is easier to get some materials to split apart than 
others. Uranium is the easiest, which explains its 
widespread use in the nuclear industry. 

When enough uranium is brought together, the release 
of neutrons by spontaneous decay is sufficient for some 
neutrons to be captured by other nuclei, splitting them 
and so starting a “chain reaction.” Controlling this 
chain reaction controls the output of the reactor 
in a nuclear power station; letting the 
reaction continue at an uncontrolled 
rate produces a nuclear 
explosion (see page 32). 


Uranium-235 


> The chain reaction 
of uranium fission. 


A neutron 
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Krypton-92 
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Antimony-133 





Uranium-235 


A neutron 


A neutron 


QO 


Uranium-235 


A neutron 
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A neutron 
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Niobium-101 





Xenon-140 





Strontium-94 
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Uranium-235 


Uranium-235 





fission: the breakdown of the 
structure of an atom, popularly 
called “splitting the atom” 
because the atom is split into 
approximately two other 
nuclei. This is different from, 
for example, the small change 
that happens when 
radioactivity is emitted. 





A neutron 


io Uranium-235 


A neutron 


* Uranium-235 














Fusion: combining atoms | 


Whereas nuclear fission is splitting the 
atom, nuclear fusion forces two atoms to 
come together, or fuse, to produce an even 
heavier atom. The fusion of atoms releases 
huge amounts of energy. 

Fusion has proved to be one of the most 
difficult tasks for scientists to perform, yet 
it is one of the commonest features of the 
Universe. The reason scientists find fusion so 
difficult is that enormously high temperatures 
and great pressures are needed to cause the 
reaction. This commonly happens in the 
stars. So getting fusion going on Earth is 
nothing short of making stars! 


From hydrogen to helium 

The main reaction that occurs inside a star is 
the fusion of the simplest atom — hydrogen — 
into the next simplest atom, helium. This 
happens under the pressure created by the 
huge amount of gravity created in a star. 
Inside a star atoms are literally pulled together 
by gravity. As they fuse, they release energy, 
which causes the star to rise in temperature 
until it may be well over 10 million degrees. 
This is called a thermonuclear reaction. 


Deuterium 8 


D The deuterium-tritium fusion 
reaction. Deuterium and tritium 
are isotopes of hydrogen. 


Tritium 
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An endless supply of cheap 
energy 
Scientists know that if they can 
use the fusion process to make 
energy, they can use hydrogen 
from ordinary water (in a form 
called heavy water). This supply 
will last for billions of years. 
However, because a nuclear 
reactor can only be a tiny fraction 
of the size of a star, the size (and 
gravity) must be compensated 
for by creating even higher 
temperatures than exist in stars. 
Scienusts are working to solve 
this problem today, and it is 
likely they will achieve success 
by the middle of the twenty-first 
century. 


> The Sun is made mainly of hydrogen. 
Its immense gravitational power pulls the 
hydrogen atoms together to form helium, 
The flow of energy so produced 

makes the Sun extremely hot, 

and enormous amounts of energy 

are released to space. A small 
fraction of this energy reaches 
Earth as sunlight, ultraviolet 
light and infrared light. 

In this way nuclear fusion 
reactions already make 

life on Earth possible. 










Helium 


Neutron 





7 








fusion: combining atoms to 
form a heavier atom. 


thermonuclear reactions: 
reactions that occur within 
atoms due to fusion, releasing 
an immensely concentrated 
amount of energy. 











V The elements are made inside the stars. Different 
elements form at different stages of the life cycle of a star. 
Hydrogen burns to form helium in the young bright stars; 
helium reacts to yield carbon. This process then continues 
as stars change and become red giants in which nitrogen, é 
oxygen, iron, cobalt and nickel are formed. 
As the stars finally explode to form the huge gas clouds 
called supernovas, fusion creates the heavier elements f 
before the gas loses its heat to the immensity of space. 


° 





Pollution-free radiation 

The real benefit of fusion is that 

it does not create any radioactive 
pollution. Fusion is not a chain 
reaction like fission and so cannot 
run out of control and cause a 
massive explosion. Thus the present 
generation of nuclear reactors 1s just 
a temporary step on the way to a 
nuclear energy goal. This is why 
countries need to pursue nuclear 
technology, so that they do not fall 
behind and can really benefit from 
the development of fusion power 
when it comes. 




















Nuclear energy 


‘3 a = - v hi fe 
The most common use of the radioactive ales aS ate et ate esate 


of fossil fuels tend to invest in nuclear energy 


elements is to release nuclear energy. to meet their electricity needs. In Japan half 
. os ofall electricity is produced by nuclear 
Radioactive elements are not, of course, alone power; in France it is three-quarters 


in releasing energy as they change: all matter 

releases energy. If we eat a bar of chocolate, 

for example, chemical changes occur that 

release energy to our bodies. Another familiar 

example is the way natural gas releases energy 

as it combines with oxygen during burning. 
In a nuclear reaction the change takes 

place inside the atoms. A radioactive 

material such as uranium is bombarded 

with radiation in the form of 

neutrons. This process, fission, 

causes the uranium to split up into 

two new atoms, setting in motion 

a self-bombarding process that 





releases massive amounts of heat. 
Uranium bombarded with 
neutrons produces strontium 
and xenon gas and releases 
more neutrons, giving out 
more heat energy. 
In this case the heat 
given out 1s tw enty -fiv c 
million times as great as 
for an equiv alent amount 
of burning gas. 
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Uses of nuclear energy 


The image of nuclear energy is clouded with the experience of how 





the energy can be released for destructive purposes (such as the atomic 
bombs dropped on Japan in order to end World War II, see page 38) 
and how some dangerous radioactive materials can sometimes escape 





(as was the case at Chernobyl, see page 37). Indeed, the need for very 
powerful bombs during World War II encouraged politicians to fund 
nuclear research in the first place. 

The first fission reactor was created by a team led by Enrico Fermi 
in Chicago in 1942. His team used natural uranium, which is mostly 
uranium-238 





However, only the more rare uranium- can be 
made to react. Thus they discovered that to make the reaction work 
successfully, they needed to produce concentrated uranium-235 
(“enriched uranium”), or they needed to use plutonium 

Although some of this material has been used for weapons, the vast 
majority is now used for making electricity 
Nearly one-fifth of the world’s electricity 

is generated by nuclear means, making it 
one of the world’s most important energy 
supplies. It is expected that although nuclear 
energy programs have slowed down in some 
countries, the adoption of nuclear energy 

in the developing world — especially in 
countries that have little coal or oil of their 
own — will cause the world use of nuclear 
energy to be responsible for one-quarter 

of the world’s electricity needs by the 

end of the century 


A The core of a reactor contains fuel rods, a moderator and control 
rods. The purpose of the fuel rods is to provide the fissionable material 
However, without a moderator material (such as graphite), the neutrons 
created by fission would move too fast to be captured by the remaining 
fuel. The moderator slows down the neutrons so that the likelihood of 
capture by a nucleus is high. Control rods, on the other hand, serve to 
stop the fission process. They are made of materials that absorb (not 
just slow down) neutrons, so that the neutrons cannot be captured by 
more nuclei 











Nuclear reactors 


A nuclear reactor is a form of power unit used to 
generate electrical energy. It is flexible enough to 
be able to supply electricity for use in homes and 
factories, or to power submarines and warships. 

Nuclear reactors make their energy from the 
process of fission (see page 28), using uranium 
and plutonium as fuels. The fission process is 
started when the fuel rods are bombarded with 
neutrons. Once the reaction is started, it develops 
into a chain reaction that could cause a meltdown 
if not controlled. Many of the main features of a 
nuclear power plant are designed simply to 
control the chain reaction. 


Types of reactors 


the reactions from getting out of control. 


up the heat from the reactor and transfers it to the turbines. 


round-shaped buildings 





Warship reactors 

It has become common for nuclear 
power plants to be used on military 
vessels, especially submarines and 
aircraft carriers. This gives them 
exceptional range and removes the 
need for refuelling (new fuel rods 
have to be fitted only after more 
than a million km!). 

In the United States fleet, some 
carriers such as the Enterprise have 
eight nuclear reactors. Most in the 
Nimitz class have two reactors. 

These vast ships come with a 
heavy price tag. The Theodore 
Roosevelt, for example, cost $17 billion 
after it had been fitted with aircraft 
and provided with escort vessels. 


The main parts of a reactor are the same worldwide, although different cooling fluids 
are used in different designs. Commonly, water or gas is used as a coolant to transfer 
the heat energy from the reactor to the turbines of the generating station and to prevent 


At the heart of the reactor is the fuel, usually uranium oxide or plutonium. This is made 
into the form of about 200 three-meter-long fuel rods that can be lowered or raised from 
a surrounding fluid (water or carbon dioxide gas). Along with them may be rods made 
of steel alloys that absorb neutrons. Cadmium is commonly used as an alloying metal. 

The control rods are raised or lowered among the fuel rods to speed up, slow down 
or stop the chain reaction altogether. Raising and lowering the absorbing rods is the same 
as stepping on or lifting your foot off the accelerator in a vehicle. In some types of reactor 
water is used to control the reaction as well as to carry away the heat. 

The fuel rods and control rods may be packaged in a fuel cell about four meters across 
and four meters high. They have to be sealed inside a container that is designed to stand 
up to high pressures, high temperatures and explosions. It is normally made of very thick 
steel and may be twelve meters high. This steel vessel contains the cooling fluid that soaks 


The cooling fluid becomes radioactive during use. It cannot therefore be fed directly 
to the turbines. Instead a set of pipes is wrapped around the cooling fluid pipes, and heat 
is exchanged. This fluid does not become radioactive and so is safe for use in the generator. 
All of the parts of the reactor and its cooling fluid are housed in a large concrete 
building designed to contain any explosion or other misadventure. This concrete building 
is normally shaped in the form of a large ball or a “bullet” standing on end. Thus, when 
you see a nuclear power plant, you can tell where the reactor is housed by looking for the 
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Breeder reactor 
It is possible for a nuclear reactor to be designed to make 
more fuel than it uses, considerably cutting down fuel costs. 

Breeder reactors consist of many stainless steel tubes 
containing uranium oxide and plutonium oxide, surrounded 
by tubes containing uranium oxide. As the fuel in the central 
rods undergoes fission, it releases neutrons that are absorbed 
by the uranium in the outer rods. These convert the 
uranium in the outer rods into plutonium. The better use 
of uranium makes the fuel last up to fifty times as long as 
in ordinary reactors. 

Normally the heat produced by the fission of uranium and 
plutonium in the core is used to heat water, which is then 
taken away to drive steam turbines and make electricity. 

But the water also soaks up neutrons. To allow the neutrons 
to escape from the core and produce new plutonium, 

a different material has to be used. In fast breeder reactors 
the water is replaced with liquid sodium. 






















PA diagram of a 
nuclear reactor. 


I rods absorb 

‘of the neutrons 

regulate the rate 
fission. 


Reinforced concrete 
containment building 


Fuel rods loaded 
with pellets of 
uranium oxide, 
the fuel 


Graphite core 
moderator 


Concrete shield 
absorbs radiation 


Steel vessel 





A coolant fluid, 
frequently liquid water 








or a gas under pressure, 
circulates through the 
reactor carrying heat to 
the steam generator. 





Pump circulates 
coolant 


Condenser (steam from the 
turbine is condensed by water in 


alloy: a mixture of a metal and 
various other elements. 


fission: the breakdown of the 
structure of an atom, popularly 
called “splitting the atom.” 


Using uranium in 

nuclear reactors 

The element uranium is most 
widely used as the fuel of a nuclear 
reactor. In a nuclear reactor the 
fission process is started by 
spontaneous decay because of 

so much fuel being contained 
together. This sets up a chain 
reaction that can be controlled 

so that new reactions occur all 

the time. The rate of the reactions 
determines the amount of heat 
released and thus eventually the 
amount of electricity that the 
power stations can produce. 


Heated fluid, 
used to boil 
water in the 
steam generator, 
| Steam from steam 
generator is 
transferred to the 
steam turbine to 
generate electricity. 











Generator 


ae the cooling towers) 
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Nuclear accidents 


A nuclear reactor produces the most concentrated radioactive materials 
in the world, and special precautions need to be taken to ensure safety. 
The greatest danger is that the core may become overheated. This 
might happen if the cooling fluid is not circulating properly or if the 

control rods or control fluid are not adjusted properly so that too 
much power is released from the fuel rods. If the reactor gets too hot, 
the cooling fluid may boil. The bubbles in the cooling fluid are not 
effective at carrying away heat, so the reactor can then get so hot it 
begins to melt. Boiling fluid and lack of cooling water were the main 
causes of the disaster at Chernobyl (see opposite). 

To prevent this scenario there are many safety devices that sense 


increases in temperature and shut the reactor down slowly and safely, 





as. appropriate 


Three Mile Island 

A number of releases of plutonium have 
given rise to great concern, One of the 
| most widely reported occurred after an 

accident in 1979 on Three Mile Island 
| near Harrisburg, Pennsylvania, where 

a nuclear power station accident caused 

small amounts of plutonium to be 

released into the air and the water 

The plant that caused the trouble has 


now been sealed up 


Radioactive watches 
Women employed during the 1920s as 
painters of luminescent clock dials were 


sly exposed to radium from the 








paint as they licked their brushes, Many 
died, either from anemia or from bone 


cancer, alerting doctors to the dangers 


of radioactivity and subsequent radiation 
injury. Other types of life-threatening 
bone disease can be caused by 


overexposure to 

















AY The crippled reactor at Chernobyl 





Chernobyl 

The word Chemobyl is familiar to almost everyone 
worldwide. This notoriety began on April 26, 1986, 
when one of the reactors at the Chernoby] site in the 





raine exploded 

The explosion was the result of poor workmanship 
during construction, poorly designed safety systems 
and a series of disastrous decisions by the people 
operating the plant. In fact the reactor was being used 


for experiments, and its emergency cooling system had 





been shut down, The experiment went wrong and the 
reactor began to heat up out of control, There was no 
cooling system to deal with the problem, and eventually 
an explosion occurred that blew the lid off the reactor, 
(It is important to note that, at the time, Soviet designs 
did not include the ball-shaped containment vessel 

used today to control the results of any explosion 

This made the Soviet design far cheaper but also far 
more dangerous.) 

The reactor fuel started to melt its way down through 
the floor of the reactor. At the same time, not only was 
hi 
r 





hly radioactive material thrown out of the top of the 





actor, but far worse, there was a huge escape of 





radioactive gas and small particles (called contaminants) 





These went into the atmosphere where they were 
carried for thousands of kilometers by air currents 

As the contaminants were washed from the sky 
by rain, they settled on the plants of the land over 
much of northern Europe, contaminating the plants and 





making them unfit for eating. Animals grazing the grass 





in the contaminated area then produced contaminated 
milk, and their meat became unfit for consumption 

After some days, and through a number of daring 
and dangerous maneuvers, the reactor was encased 
in concrete and its radioactivity contained. 

The disaster killed 31 people outright; but the real 
death toll, including those who died or will die as a 
result of being exposed to radiation — perhaps within a 
100 km radius of the plant — will run into the thousands. 

The Chernobyl disaster has made people worry about 
nuclear power worldwide, even though nuclear power 
stations in most countries are built to much higher 
standards, and such accidents probably would not 
happen to them. 
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Nuclear weapons 


Everyone knows that the most 
powerful weapons in the world are 
nuclear weapons. The first nuclear 
~ bomb was the atomic bomb. 


Fission bombs 


The atomic bomb relea: nergy thr 








uncontrolled chair tion of the same kind 





in nuclear power stations. That is, the atomic bomb is a 





device for splitting atoms (see pag: 

The atomic bomb was developed in the United States 
during World War Il. The devel »pment of the bomb wa 
called the Manhattan Project, and it used many 








world’s top scientists, It was begun because it was feare: 


that the scientists in Hitler's Germany were making st 





1 bomb, and it was essential that the allies have a weapon 
to counter it 

Duning this time an enormous amount was learn 
ibout how atoms work; and this, in the long run, was to 
ful for making nuclear r 





prove very t 





purposes, For the bombs scientists enrich 





to about 90! 
The bomb v 


1ium too small to produce nuck 


1 mere 3% in power sta 





1s made of two parts, cach containing a 











its own. When the bomb fell on Hiroshima, Jap. 
August 6, 1945, a high « 


pieces of uranium together very rapidly and held 





plosive charge for 








place for the microseconds needed for the uncot 





chain reaction to occur 


Plutonium can also be 





d to split the atom. This 
ped on Nagasaki on 





the material used for the bomb 


A 





ist 9, 1945, 





Fusion bombs 


The fusion reaction is far more powerful than t 


ie fission 





reaction, but it is also harde ate. The hy 





bomb, H-bomb, or ar device, was the f 





nuclear bomb to use f H-bomb 1s about a 
thousand times more 
(A-bomb) for the s 


The problem with a fusion reaction i 





| than an atom bomb 


mass of materials 













tk with extraordinarily h 






exploding an A-bomb next 


involved in fusion. Thus the 





gger for the fusion bomb 





use fusion a 
Various isotoy 
(which can be obtained 
tritium, are now usec 
ANa0sntegaton 


within a 16 km radit 


rything 








effect is too ghastly to ry Most 
major nuclear countries continue t rts to reduce 
their stockpiles of ee ite SR 





other countries from mak 1 Weapons 
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4A nuclear bomb test. 
V On August 9, 1945, United States forces released the second 
of the two atomic bombs dropped on Japan. The attack killed 

73,884 people and destroyed 47% of the city of Nagasaki: 








Nuclear waste 


As scientists use the nuclear materials they 
need, some waste material is produced, 
much of which is radioactive. More 
radioactive material comes from the 
spent fuel rods in reactors. 

The key to nuclear reactions is that they 
happen inside each atom. We have no means 


to stop these changes once they have begun, 





so radioactive materials must simply be 
allowed to lose their radioactivity naturally. 
Materials like uranium, with half-lives of 
billions of years, will never become safe. 

The danger is that the radiation emitted 
from waste material can cause damage to 
human tissue, so people must be shielded 
from all sources of such radiation. 





High-level waste 

Each power station produces each 
year about the same volume of 
high-level waste as the size of an 
automobile. 

Although the volume is small, 
high level waste such as spent fuel 
rods from power stations and 
discarded nuclear warheads causes 
many problems. There is no choice 
but to encase the material in glass 
(which does not correde) and bury 
it in very deep mines. Fortunately, 
at the moment the volume of such 
waste is not large, and it is likely that 
as fusion becomes a possible way of 
generating electricity, the amount 
of new radioactive waste will be 
much smaller than in the past. 
Scienusts therefore have to cope 
with a problem that may be at its 
worst for the next half-century. 


Y Burial of intermediate level waste. 





Clay layers 








Reinforced concrete __ 














are put into concrete casings. 
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~ Drums containing radioactive waste 
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Low-level waste 

Some waste is not very 
radioactive. This includes 

the waste rock from uranium 
mines and the discarded 
clothing from scientists working 
with radioactive materials 
radiologists in hospitals, etc 

This material is normally buried 
in special dumps. A covering of 


soil is sufficient to act as a shield 


‘A Decommissioning 
nuclear reactors is a very 
difficult process because the 
amount of high-level waste 
is large. In many cases the 
reactor core will be left 
where it is and buried in an 
immense slab of concrete. 





> Low-level waste can 
be placed in steel and 
concrete drums and 
taken to suitable land 
or ocean dumps 





A Radiation symbol 





Irradiation 


The word radiation has come to mean the 

harmful effects that radioactivity can have on 
the body. However, radiation can be a very 
nts in the 





useful process. Even despite accid 
past, its usefulness far outweighs its dangers. 
The key to understanding how to make use 
of radiation, and the precautions to take, 1s to 
understand what radiation does to living tissue. 


Effects of exposure to radiation 

Alpha rays are made of very bulky particles that eventually 
combine with electrons from other atoms to produce helium 
gas. They do not travel far inside the body. But the alpha 
particles cause great damage to body tissues because they can 
knock atoms out of molecules and cause them to change 

or mutate. The effect is especially severe if the DNA inside 
cells is damaged. The result may be that the wrong signals 
are sent to build new tissue, and cancers may be formed 

Most body damage from alpha particles is caused to the 
DNA in skin cells. Beta radiation penetrates tissue more 
deeply than alpha radiation, reaching 2-3 cm inside the 
tissues. However, the most powerful form of radiation is 
gamma radiation, similar to X-rays. These waves of nuclear 
energy can pass right through the body and so can damage 
any atoms anywhere. Severe doses of this form of radiation 
can affect any of the body’s inside organs, causing what is 
known as “radiation sickness.” 

Whichever form of radiation is involved, an overdose 
causes many cells to die or mutate. A general name for 
mutated cells is cancer, and natural radiation has been 
one contributor to many skin cancers 

Atom bomb testing in the atmosphere produced 
radioactive strontium-90. Strontium behaves chemically 
very much 





1m and is easily incorporated into 





the bones. It is believed that strontium in bone cells causes 


dai to blood cells, a form of cancer known as leukemia 





For this reason, there have been no atmospheric nuclear tests 





for many year 


‘A The boxes on this conveyor belt are 
being irradiated to sterilize the medical 
equipment they contain. 








Measuring radiation doses 

Scientists measure the radiation received with a unit called 
the rem (roentgen equivalent in man). A radiation level of 
10,000 rem will disrupt the central nervous system so much 
that people will die of radiation. Even a dose of 300 rem 
will kill half of the people exposed to it, while anything 
over 100 rem will most likely cause some form of injury. 



















If irradiation affects the cells of the bone, then enough 
cells may die to cause a loss of the natural ability of the body 
to resist infection. If the radiation affects the eyes, it may 





cause cataracts and loss of vision. It may also cause sterility. 
It is difficult to determine the risks of low-level radiation; 
— even a body scanner will produce a rem of 0.1. This is why 
it is important to protect people working with radiation, 
allowing them to work behind lead or thick concrete shields, 


ex" 


WZ 


‘A One way in which radiation 
can be used beneficially is to 
irradiate food, By subjecting 
food to massive doses of 
radiation, all harmful organisms 
are killed. Irradiation is 
therefore a very thorough 
technique of sterilization, Some 
foods found in grocery stores 
are now sterilized by irradiation. 
The packaging should carry the 
symbol shown above. 


4 


‘AA patient receiving 
radiation therapy. 





Radiation therapy 

Radiation therapy uses radiation to treat illness. In its use 
for cancer treatment, the patient is exposed to radiation 
from a cobalt-60 or iodine-131 source. 

The amount of chosen doses of radiation is designed to 
kill the malignant (actively changing) cells without harming 
the rest of the body. This is possible because malignant tissues 
are more sensitive to radiation than healthy tissues. 

The way the radiation is applied is normally from an 
external “cannon” that “fires” a high-energy beam that 
is focused at the target. The normal treatment is a few 








minutes a day for one or two months. 
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Key facts about... 


Uranium 











A soft, silvery metal, 
chemical symbol U 


Harmful to life Decays naturally 


through a radioactivity 


series to lead 
Heavy element 


Used as a source 


Melting point 1,132°C e 
of fissionable fuel 


Poor conductor 


of electricity Dissolves in acids 





Atomic number 92, 
atomic weight about 238 


SHELL DIAGRAMS 
The shell diagram on this page 

is a repre 

of the « 





ntation of an atom 
ment uranium. The total 





number of electrons is shown in 
the relevant orbitals, or shells, 
around the central nucleus. 


Electron shell 
Electron 


Nucleus containing 
protons and neutrons 
(called nucleons) 


> Advanced 
reactor fuel ¢ 
placed in a reac 




















A Cerenkov radiation causes 
r pond containing 
t fuel rods fr 
to 
Cerenkov radiation may be 
thought of as a shock wave 
much like a >m from 
an aircraft travelling faster 


because atomic particles travel 


water faster than light 


4 Reprocessing a 
uranium billet. 





The Periodic Table 


‘he Periodic Table sets out the relationships writing a chemistry textbook and wanted to show 
among the elements of the Universe. According his students that there were certain patterns in the 
to the Periodic Table. certain elements fall into elements that had been discovered. So he set out 
groups. The pattern of these groups has, in the the elements (of which there were 57 at the time) 
past, allowed scientists to predict elements that according to their known properties. On the 
had not at that time been discovered. It can still assumption that there was pattern to the elements, 
be used today to predict the properties of he lett blank spaces where elements seemed to be 


unfamiliar elements. 


The Periodic Table was first described by a Table, he was able to predict in detail the chemical 
Russian teacher, Dmitry Ivanovich Mendeleev, and physical properties of elements that had not yet 
between 1869 and 1870. He was interested in been discovered. Other scientists began to look for 


GROUP 















missing. Using this first version of the Periodic 


the missing elements, and they soon found them. 


2 





Metals 
Metalloids (semimetals) 
es Nonmetals 














Be 


Lithium Beryllium 





2 Transition metals 
Na eta 


Sodiam 
23 
19 20 


K Ca 


Potassium Calcium 


39 40. 














35 56 
Ba 
pitts 


137 


88 
Ra 


Radivin 






133 
87 
Fr 


Feanclvm 

















Lanthanide metals 


~ 


Actinoid metals 














Hydrogen did not seem to fit into the table, and 
so he placed it in a box on its own. Otherwise the 
elements were all placed horizontally. When an 
element was reached with properties similar to the 
first one in the top row, a second row was started. 
By following this rule, similarities among the 
elements can be found by reading up and down. 
By reading across the rows, the elements 
progressively increase their atomic number. This 
number indicates the number of positively charged 
particles (protons) in the nucleus of each atom. 
This 1s also the number of negatively charged 
particles (electrons) in the atom. 

The chemical properties of an element depend 
on the number of electrons in the outermost shell. 


: 


Atomic (proton) number 


13 Symbol 
Al 
| Alumina 
27 Name 


Approximate relative atomic mass 


Atoms can form compounds by sharing 
electrons in their outermost shells. This explains 
why atoms with a full set of electrons (like helium, 
an inert gas) are unreactive, whereas atoms with an 
incomplete electron shell (such as chlorine) are 
very reactive. Elements can also combine by the 
complete transfer of electrons from metals to 
nonmetals, and the compounds formed contain 
1ons. 

Radioactive elements lose particles from their 
nucleus and electrons from their surrounding 
shells. As a result they change their atomic number 
and so become new elements. 
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Antimony 
122) 


85 
At 


Astatine 
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Understanding equations 








As you read through this book, you will notice and so on. However, if we were to use only the 
that many pages contain equations using symbols. first letter, then there could be some confusion. 
If you are not familiar with these symbols, read For example, nitrogen and nickel would both 
this page. Symbols make it easy for chemists to use the symbols N. To overcome this problem, 
write out the reactions that are occurring in a many elements are symbolized using the first two 
way that allows a better understanding of the letters of their full name, and the second letter is 
processes involved. not in capitals. Thus although nitrogen is N, 
nickel becomes Ni. Not all symbols come from 
Symbols for the elements the English name; many use the Latin name 
The basis of the modern use of symbols for instead. This is why, for example, gold is not G 
elements dates back to the 19th century. At this but Au (for the Latin aurum) and sodium has the 
time a shorthand was developed using the first symbol Na, from the Latin natrium. 
letter of the element wherever possible. Thus Compounds of elements are made by 
“O” stands for oxygen, “H” stands for hydrogen combining letters. Thus the molecule carbon 


Written and symbolic equations 
In this book important chemical equations are briefly stated in words (these are called 
word equations) and are then shown in their symbolic form along with the states. 


What reaction the equation illustrates 
“Se 


ay EQUATION: The formation of calcium hydroxide 
Written equation —_ 


~— Calcium oxide + water calcium hydroxide 


_— CaO(s) + H,O() i Ca(OH)>(aq) 
Symbol equation ——— heated 


ae Symbol showing the state: 
Sometimes you will find an additional — 


‘is for solid, | is for liquid, 
description below the symbolic equation is for gas and aq is for aqueous. 


Diagrams 
Some of the equations are shown as graphic representations. 


Hpcroge ee 


Ot > 


Calcium oxide __ Water Calcium hydroxide 
_ 


= @ 














Sometimes the written equation is broken up and put 
below the relevant stages in the graphic representation 





mononide is CO. By using letters that are not 
capitals for the second letter of an element, it is 
possible to show that cobalt, symbol Co, is not 
the same as the molecule carbon monoxide, CO. 
However, the letters can be made to do much 
more than this. In many molecules, atoms 
combine in unequal numbers. So, for example, 
carbon dioxide has one atom of carbon for every 
two of oxygen. This is shown by using the 
number 2 beside the oxygen, and the symbol 
becomes CO. 





In practice, some groups of atoms combine as a 
unit with other substances. Thus, for example, 
calcium bicarbonate (one of the compounds used 
in some antacid pills) is written Ca(HCO )9. This 
shows that the part of the substance inside the 
brackets reacts as a unit, and the “2” outside the 
brackets shows the presence of two such units. 

Some substances attract water molecules to 
themselves. To show this a dot is used. Thus the 
blue-colored form of copper sulfate is written 
CuSO,.5H,0. In this case five molecules of 
water attract to one copper sulfate. When you 





Atoms and ions 

Each sphere represents a particle of an element. 

A particle can be an atom or an ion. Each atom or ion 
is associated with other atoms or ions through bonds — 
forces of attraction. The size of the particles and the 
nature of the bonds can be extremely important in 
determining the nature of the reaction or the 
properties of the compound. 


This indicates that the 


compound is ionic. 





> This represents 
a unit of sodium 
bicarbonate (NaHCO,). 


The term “unit” is sometimes used to simplify 
the representation of a combination of ions. 


Bond shown 





see the dot, you know that this water can be 
driven off by heating; it is part of the crystal 


structure. 





In a reaction substances change by rearranging 
y they change 
1s shown by using the chemical symbols, placing 
those that will react (the starting materials, or 
reactants) on the left and the products of the 
reaction on the right. Between the two, chemists 


the combinations of atoms. The w 





use an arrow to show which way the reaction is 
occurring. 

It is possible to describe a reaction in words. 
This gives a word equation. Word equations are 
used throughout this book. However, it is easier 
to understand what is happening by using an 
equation containing symbols. These are also 


giv 





n in many places. They are not used when 





the equations are very complex. 





; that is, 
there must be an equal number of like atoms on 





In any equation both sides balanc 


both sides of the arrow, When you try to write 
down reactions, you, too, must balance your 


equation; you cannot have a few atoms left over 





at the end! 

The symbols in brackets are abbreviations for 
the physical state of each substance taking part, 
so that (s) is used for solid, (/) for liquid, (g) for 
gas and (aq) for an aqueous solution, that is, a 
solution of a substance dissolved in water. 


Chemical symbols, equations and diagrams 
The arrangement of any molecule or compound can 
be shown in one of the two ways below, depending 
‘on which gives the clearer picture. The left-hand 
diagram is called a ball-and-stick diagram because it 
uses rods and spheres to show the structure of the 
material. This example shows water, H,O. There are 
two hydrogen atoms and one oxygen atom. 


a 2? 


y SS 





Colors too 


The colors of each of the particles help differentiate 
the elements involved. The diagram can then be 
matched to the written and symbolic equation given 
with the diagram. In the case above, oxygen is red 
and hydrogen is gray. 





Glossary 


alchemy; the traditional “art” of 
working with chemicals that prevailed 
through the Middle Ages. One of the 
main challenges of alchemy was to make 
gold from lead, Alchemy faded away 

1s scientific chemistry was developed 

in the 17th century 


alloy: a mixture of a metal and various 
other elements, 


alpha particle: a stable combination 
of two protons and two neutrons, that is 
ejected from the nucleus of a radioactive 
atom as it decays. An alpha particle is 
also the nucleus of the atom of helium. 

If ie captures two electrons, it can 
become a neutral helium atom 


atom: the smallest particle of an 
clement 


basalt: an igneous rock with a low 
proportion of silica (usually below 55! 
It has microscopically small crystals 





becquerel: a unit of radiation equal to 
ne nuclear disintegration per second. 


beta particle: a form of radiation in 
which electrons are emitted from an 
atom as the nucleus breaks down: 


corrosion: the slow decay of a substance 
resulting from contact with gases and 
liquids in the environment 


cosmic rays: particles that fly through 
space and bombard all atoms on the 
Earth’s surface. When they interact with 
the atmosphere, they produce showers 
of secondary particles. 


curie: a unit of radiation. The amount 
of radiation emitted by 1 g of radium 
each second. (The cune is 37 billion 
becquerels.) 


electron: a tiny, negatively charged 
particle that is part of an atom. The flow 
of electrons through a solid material 
suich as a wire produces an electric 
current. 


fallout: radioactive particles that reach 
the ground from radioactive materials 
in the atmosphere 


of technical terms 


fission: the breakdown of the structure 
of an atom, popularly called “splitang 
the atom’ because the atom is split into 
approximately two other nuclei. This 
is different from, for example, the small 
change that happens when radioactivity 
is emitted. 


fuel rods: the rods of uranium or other 
radioactive material used as a fuel in 


nuclear power stations. 


fusion: combining atoms to form 
a heavier atom 


gamma rays: waves of radiation 
produced as the nucleus of a radioactive 
element rearranges itself into a ughter 

cluster of protons 





ind neutrons. 





Gamma rays carry enough energy 
to damage living cells 


granite: an igneous rock with a high 
proportion of silica (usually over 65%) 
It has well-developed large crystals 
The largest pink, gray or white crystals 
are of feldspar 





half-life: the ame it takes for the 
radiation coming from a sample of a 
radioactive element to decrease by h 





igneous rock: a rock that has solidified 
from molten rock, either volcanic lava 
on the Earth’s surface or molten magma 
deep underground. In either case the 
rock develops a network of interlocking 
crystals, 


ion: an atom, or group of atoms, that 
has gained or lost one or more electrons 
and so developed an electrical charge. 
Ions behave differently from electrically 
neutral atoms and molecules. They can 
move in an electric field, and they can 
also bind strongly to solvent molecules 
such as water. Positively charged ions 
are called cations; negatively charged 
ions are called anions. Ions carry 
electrical current through solutions. 





isotopes: atoms that have the same 
number of protons in their nucleus, 
but which have different masses; for 
example, carbon-12 and carbon-14. 





mineral: a solid substance made of just 
one element or chemical compound. 
Calcite is a mineral because it consists 
only of calcium carbonate; halite isa 
mineral because it contains only sodium 
chloride; quartz is a mineral because it 
consists of only silicon dioxide. 


neutron: a particle inside the nucleus 
of an atom that is neutral and has no 
charge 


nucleus: the core of an atom, a tiny 
region where protons and neutrons 
are held together. 


proton: a positively charged particle in 
the nucleus of an atom that balances out 
the charge of the surrounding electrons, 


radioactive decay: a change ina 
radioactive clement due to loss of 
mass through radiation, For example, 
uranium decays (changes) to lead 





radioisotope: a shortened version 


of the phrase radioactive isotope 


radiotracer: a radioactive isotope that 
1s added to a stable, nonradioactive 

m. 
and its concentration 


erial in order to trace how it moves 





thermonuclear reactions: reactions 
that occur within atoms due to fusion, 
releasing an immensely concentrated 
amount of energy 


transmutation: the change of one 
element into another 


X-rays: a form of very short-wave 
radiation 
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aluminum foil 7: 21, 30 
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calcium bicarbonate 1: 29, 3: 15, 2 
38,42 


calcium carbonate 1: 23, 29. 34, 3:4, 
8, 12, 15, 16, 21, 26, 
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calcium chlorate 14: 14, 16, 24 
calcium chlonde 2: 28, 14: 19 
calcium fluoride 3: 8, 14: 8, 9 
bonate 3: 
2 6, 24, 26, 28, 








calcium hydrogen c: 
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0-11, 13, 











carbon cycle 8: 


carbon dating 1 











carbon dioxide 28, 2: 28; 29, 
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fossil 3: 11 

fossil finely 3: 13, 8: 11, 12, 
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froth flotation process 6: 8, 10: 11 
fucus red 6: 38 

fuel 1: 6,7 

fuel element 15: 26, 44 

fuel rod 15: 5, 33, 34. 35 
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glycerol trinitrate 8: 6, 11: 27 
goiter 1 
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green vitriol 13: 32 

Guinea 7: 11 
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ions 7: 18, 9: 26, 38 
indium 5: 25 
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liquefied petroleum gas (LPG) 8: 27 
liquid air 12:17 

liquid crystal display (LOD) 9 37 
liquid nitrogen 11: 8, 9 

litharge 10: 8, 18 

litmus t: 21, 14: 
ans paper 13 20 

lode 5: 30, 36, 10: 34, 35 
lodestone 4: 12 
lowslevel waste 13: 41 
lubricaung oil te Lb 


M 


Macintosh, Charles 8: 35, 
magma 5: 30, 6: 6, 9: 16, 21, 23, 
25, 29, 43, 10: 6, 34 

magma chamber 9: 43 
magnesium 1: 18, 36, 325 















34-37, 





38, 45, 4: 6, 22. 6: 22, 7: 35, 
9:26, WM: 37, 12: 33 
magnesium carbonate 3: 37, 43 





magnesium hydrowide 1: 32, 3: 42 
43 
‘magnesium ions 3: 34, 40 
magnesium oxide 3: 37 
magnesium ribbon 3: 34, 37 
magnesium silicate 9: 
‘magnesium sulfite 13: 32 
magnetic flea 42 39 
magnetic properties 4: 20, 44, 45 
magnetite 4 
malachite 5: 
mallee 2:17 
manganese 425, 34. 40-43, 45, 
7: 22, 9; 20, 29, 41, 43 
manganese carbonate 4: 42 
manganese chloride 14: 11 
manganese dioxide 6: 15 
tnanganese nodules 4: 41 
manganese oxide 4: 40, $1.43 

















manganese sulfate 4: 42 

manganese sulfide 4: 40 

mangrove 2: 16, 17 

manure 11: 20 

marble 3: 4, 18 

Marram griss 2: 17 

massicot 10: 18, 12: 22 

matches 11: 38, 40, 41, 14225 

medicines 13: 42 

membrane 2: 15, 27 

“memory” brass 5: 19 

Mendeleev, Dmatry Ivanovich 
1-15: 46 

meniscus 6: 30 

mercane chlonde 6: 

mercunc chromate 6: 

28,29 











mercune nitrate 






mercunc oxide 6: 
mercunic sulfide 
mercurochrome 6: 32, 38 
mercurous chloride 6: 32 
mercury 1: 37, 5: 35, 42, 6: 
39, 44, 7: 22, 112 37, 14: 18 
mn 14: 19 
¢ 32 














mercury battery 
mercury cathode cell 





33, 14: 18, 

19 

mercury cell 6 15, 33 

mercury poisoning 6: 38 

mercury Vapor lamps 6: 4 

metal Lz 12, 32, 36, 2: 6, 42. 
44.45, 45 44, 45, 75 44, 92 20, 
26, 34, 15: 44 

metal oxides 12 32 

metamorphic rock 9; 20, 23, 24 

meteorites 4: 12 

methane 8: 6, 24, 28 

methanol 1: 4 

methyl benzene 13: 10, 14:7 

methylene chloride 14: 31 

methyl group 9: 32 

methylmercury 6: 39 

methyl orange 1: 21, 35 

Mg 3:5, 45 

mica 7: 7, 9: 26 

microchip 

microcrystalline 9: 14 

micronutnent 5: 22 

mucroorganisms 14: 16 

microprocessors 9 46 

mmuld steel 4: 32, M 

Milk of Magnesia 3: 42 

mineral 2: 9, 3: 8 15,, 8:8, 9: 9, 
U1, 12, 20, 21, 43, 12: 10. 
13: 12-13 






















mineral acid 1: 18, 19, 24, 
13: 26,2 
mining 2: 12. 5: 10, 30, 36, 38, 





7: 10-11, 10: 6, 

mirrors 5: 34, 5 

sixture 4: 20 

Mn 4: 

molecule 
13:6 

molybdenum 4: 34, 13: 12 

monoclinic crystal 13: 10, 11, 13 

monomer 13: 38, 39, 8:32, 33 

monoxide gas 10: 10 

mordant 7: 

mortar 3: 22 

MOSFETs (metal oxide 
semiconductor field effect 
transistors) 9: 36 

mulbte 9: 29 


12, 34, 36 





19,27, 9: 11, 12:9, 








murex 14: 42 
munatic acid 14: 34 
muscles 2: 41 

muscovite 7: 6, 9: 26, 27 
26 





mustard gas 13: 40, 1 


N 


NIL 
Na 2: 4, 44 

Nagasaki 15: 34, 39 
nail-polish 8: 29, 31 
nail-polish remover 8: 
naphtha 1: 14 

napp! 
native copper 5:7 
native gold 5: 36 
native metal 
native silver 5: 3 
natural gas 8: 10, 13, 24 
negative terminal 6: 
Ne 1:5, 45 

neon 1: 38, 40, 45 
“neon” lights 2: 39 



















neon tubes 1 





nerve cells 
neutral 1; 20, 34 
neutralization 12 34-35, 2: 31, 33 
neutralize 3: 21, 25, 43 
neutron 1-15: 44, 15: 
neutron radia 
nickel 4: 34, 36, 41, 5: 40, 7: 22 
nickel-cadenuum cell 6: 41 
nickel sulfide 13: 12, 25 
Nighungale, Florence 14: 16 
mobiam-101 15; 29 
nutrate ferlizer 11: 20 
nitrates Iz 
nitric acid 26, 27.3 
5: 14, 26, 6: 28, 7: 33, 11: 5, 
6,7, 13, 30, 33, 36-37 
nitric acid, fuming, 
mite oxide 1:26, 10: 17. 11: 7, 34, 
35, 37, 12: 42, 43 
nitrifying bacteria 11: 23 
nitrocellulose 11: 27 
nitrogen 1: 8, 16, 17, 42, 8: 6, 36, 
Wd: 4-37, 44, 12: 17, 15: 10 
nitrogen cycle 11: 22-23 
nitrogen dioxide 1: 26, 37, 6: 28, 
10: 17, 21, 11: 5, 7, 30-33, 
7, 12: 13, 41, 42, 43 
fixing bacterta 11: 18 
nitrogen-fixing nodules 11: 19 
nitrogen oxides 7: 40, 43 
nitroglycenn 8: 6, 11: 27 
nitrous oxide I: 34 
Nobel, Alfred 11: 27 
noble gases 12 5, 38-39, 1 
noble metals 5: 
nonmetal 8: 44 
nonstick 14: 37 
Novocaine 1 
NO, 11: 34-35 
n-type region 9: 34 
nuclear acadents 15: 36-37 
nuclear energy (nuclear power) 1: 6, 
15: 32-33 
nuclear fusion 1:6 
nuclear power station 1 
nuclear reactions 15: 4, 7 
nuclear reactors 15: 34-35 
nuclear waste 15: 40 
nuclear weapons 15: 38 
nucleons 9: 44 









































32 








nucleus 9: 44. 15: 
nugget 5: 36, 37 
nutnents 6, 18, 20 
nylon 8: 31, 36, 37, 38, 39 


(e) 





6,7, 8 





O12: 4, 44 

obsidian 

ocher 4: 15 

octane 1: 14 

‘octane numbers 10: 32 

Oersted, Hans Chnstian 7: 12 

oil 8: 10, 13 

oils 1: 30 

cal spill 8: 42 

cil-storage tanks 3: 37 

olivine 9: 21, 27 

1,6-diaminohexane 8: 

oolite limestone 3: 10) 

opal 9: 14 

oral rehydration 2: 18 

orbital shells 1-15: 44 

ore 3: 10, 4: 13, 17, 18, 24, 27, 36, 
5: 8, 6: 6,8, 72 10, 11, 13, 10: 
6,8, 10, 34, 35, 36, 13: 12, 15 

ore-flotation 5: 1 

organic acid 1: 18, 19, 30, 31, 2: 30, 
3:39 

organic chemicals 8 

organic compounds 

organ solvents 1 

organochlonde 14: 28, 29 

oscillator 9: 37 

osmosis 2: 14-15, 16, 17, 19, 25 

oxalic acid 1 30 

oxidation 3: 35, 45.11, 13, 23, 27, 
31, 6 14, Be 10, 11, 18, 9: 29, 
12: 6, 14, 24, 25, 26, 34, 36, 
14: 11, 14, 15, 16 

oxide 42 8, 9, 17, 7: 7, 8, 14, 24, 26, 
33, 34, 35, 10; 8, 125 10, 22, 
x0 

oxidization 10: 11 

oxidize 4: 8, 16, 27, 30, 31, 40, 
13: 20 

oxidizing agent 4: 
11: 30, 12: 20 

oxyacetylene 12: 16, 39 

oxygen 1: 8, 10, 11, 2: 43, 429, 11, 
12, 14, 16, 22, 28, 30, 40, 41, 
7: 6, 38, 39, 8: 10, 11, 18, 28, 

9, 10, 26, 33, 38, 11:7, 9, 

12: 4, 5,15, 17, 44, 

14, 14: 24, 25 

cowygen cycle 12: 14 

oxygen, test for the presence 12: 44 

orone 11: 35, 12: 6, 12, 13, 42, 43, 
44, 14: 38, 39 

ozone layer 14: 38 


P 
PA: 4, 44 
p-type region 9: 34 
painkillers 14: 5 
paint 6: 19, 10: 24, 25, 12: 21, 32 
paint stripper 14: 31 
palladium 5: 28, 12: 41 





15 








6, 38 














20, 42, 43 












































Parkes, Alexander 8: 31 

Parkes proces 10: 10, 11 

patina 1: 29, 5: 4, 6, 27 

Pb 10: 4. 44 

PBB see polybrominated biphenyls 








PGBS see polychlorinated biphenyls 

pearl 3:4 

‘pentaerythrite tetranitrate 11: 27 

perchloric acid 12: 39 

percolate 3: 14, 15 

Periodic Table 1: 3 
1-15: 46-47 

permanent hardness 3: 38 

pesticide 2: 30, 6: 24, 25. 

ak 

Pete Bog 15: 18 

PETN 11: 27 

petrochemical plant 8: 26, 29, 44 

petrochemicals 8: 26 

petroleum B: 7, 24, 14: 22 

Pewter 10: 40 

pH 4: 20, 21, 28 

phenolphthalein 1: 21, 2: 6,7, 
11: 15 

phosgene 14: 26 

phosphates 11: 42 

phosphine gas 11: 39 

phosphor 6: 35, 42, 43 

phosphor bronze 5: 20 

phosphoric acid 10: 24, 11: 42, 





16. 38, 40, 46-47, 














12:32 
phosphorus 3: 40, 5: 20, 9: 34, 
10: 41, 11:5, 44 


phosphonus oxide 1 

phosphonis, red 143 

photochemical smog 12: 42 

photoelectric cell 6: 5, 42, 43 

photoelectric properties 10: 20 

photographer's hypo 5: 33, 13:,33, 
14: 43 

photographic films 8: 41 

photography 5: 32, 14: 42, 43 

photon 6: 43 

photosynthesis 8: 10, 11, 12: 6, 14 

photovoltaic cell 6: 42 

pickling 2: 25 

piezoelectric effect 

pig iron 

pigment 

pitchblende 15: 

placer deposit 5: 39, 10: 36 

plaster 3: 5, 31 

Plaster of Paris 3: 31, 13: 12, 32 

plastic 8: 30-31, 43 

plastic, properties 8: 30 

plastics 14: 22, 23 

plastie sulfur 13: 7 























platinum 5: 28, 10: 33, 11: 37, 
12: 41, 14: 20 

playa lakes 14: 8, 9 

playas 2: 10 


plumbing 10: 22 
plutonium 15: 26, 34, 35, 38 
poison 6: 32, 11: 38 
poison gas 14: 26 
pollutants 7: 42, 14: 16 
pollute 11: 20 
pollution 2: 20-21, 33, 
10: 12. 12: 40, 42, 13: 18, 19. 
29, 23, 15: 20 
polonium 15: 23, 
polonium-210 15: 17 
polybrominated biphenyls 14: 
polychlorinated biphenyls 1. 




















8 
polychloroethylene 8: 33, 14: 10, 





23:33; 
polyester 8: 31. 36, 37, 40. 41 
polyethylene 8: 31, 32, 14: 23 








14: 36, 37 
polyvinyl benzene 8: 33 
polyvinyl chlonde 8: 33, see also 
polychloroethylene 
polyvinyl duoride see 
polyfluoroethylene 
porous 3: 10, 4: 9 
porous bronze 5: 20 
Portland cement 3: 23 
positive terminal 6: 14 
potash 2: 40 
porash salts 2: 41 
potassium 2: 5, 40-43, 45, 4: 6, 
7: 6, 9: 11, 26 
potassium carbonate 2: 40 
potassium chlorate 11: 41, 14: 24, 
2 
potassium chloride 6: 13, 14: 11 
potassium chromate 4: 38, 39. 6: 29 
potassium dichromate 4: 38 
potassium—40 152 11 
potassium hydroxide 2: 42, 4: 43, 
6:15 
potassium iodide 14: 41 
potassium manganate 4: 42, 43, 
14:15, 
potassium metal 2: 42 
potassium nitrate 1; 27. 2: 40, 41, 
42, 43, 4: 42, 43, 11: 4, 21, 
26, 36, 12: 44, 13: 41 
potassium nitrite 2: 43 
potassium permanganate 4: 42, 43, 
12: 21, 36, 37, 14: 10 
potasiium phosphate 2: 40 
potassium sulfate 2: 40 
pottery 9: 28 
power stations 13: 22 
precious metal 5: 28, 10: 16 
precipitate 3: 7, 16, 26, 38, 4: 39, 
41, 13: 23, 36. 
precipitation 3: 14, 14: 8 
preservatives 13: 42 
preserving 
primary dry battery 6: 15 
printed circuits 5: 17 
procaine hydrochloride 14: 5 
protein chain 8: 36 
proteins 8: 10, 18, 36, 11: 4 
protons 1-15: 44, 3: 47. 9: 44, 
15:7,8 
prussian blue 4: 
Pu 15: 5, 44 
PTFE 8: 33 
PVC 8: 33 see alse 
polychloroethylene 
PVF see polyfluoroethylene 


























3 














Q 


quartz 4: 18, 9: 10, 11, 12. 13, 14, 
15, 18, 26, 37, 38, 1: 
quartzite 9: 16 
quicklime 3: 20, 22. 24 
quicksilver 6: 26 











Ra 1:5, 45 

radiated 7: 30 

radiation 1: 7. 10: 26, 31, 15: 8, 
4245 

radiation sickness 15: 42 

radiation therapy 15: 43 

radioactive decay 15: 16 

radioactive decay, graph 15: 16 

radioactive elements 15: 4, 6, 26-27 

radioactive isoropes 

radioactive tracers 1 





radium 1: 43. 15:5, 15, 





Ramsay, Sir William 1: 38 
Tate of chemical reaction 2: 24 
Ravenscroft 10: 22 

rayon 8: 38 


RDX 11: 





reactivity 2: 7, 42, 4: 7, 5: 15. 29, 
41, 6: 16, 7: 6, 14, 
10; 16, 11: 10, 14: 






recycling 
red gold 5: 
red lead 10: 18, 24, 12: 22 
red mud 7: 17, 42 
red mud pollution 7: 42 
red phosphorus 11: 38, 40-41 
redox reaction 12: 24, 25 
reduced 4: 24, 10: 
reducing 14: 14 
reducing agent 
8: 16, 17, 1 
reduction 4: 11, 2 













18-19, 12: 28, 

refining metals 1: 4 

reflection 7: 30 

refiigerants 14: 38, 39 

refnigeration 11: 12 

refigerator 14: 38, 39 

Reims cathedral 3: 13 

reinforced concrete 4: 32 

rem (roentgen equivalent in man) 
15:43 

reprocessed uranium billet 1 

reprocessing. uranium 15: 25 

resin 3: 41, 12: 20 

resistors 9: 37 

respiration &: 10, 12: 14 

reverse osmosis 2: 14 

Rhizobium 11: 18 

5:42 

shombic crystal 13: 5, 10. 11 

thombohedral-shaped crystal 3: 9 


























8, 10, 12. 14:8, 9.19 





Romans 10: 30 
rubber 8: 34, 35, 9: 13:38 
ruby 4: 36, 7: 8, 9, 9: 13, 22, 12: 











39. 12:30, 
rustanhibitor 11: 42 
Rutherford, Emest 13: 


Ss 
‘$13: 4.44 
sacnficial anode 6: 18, 7: 25 
salicylic acid 1: 30 
saline 2: 11. 20, 14: 9 
saline drip 2: 18 
saline solution 2: 9, 18, 19 
salinization 2: 20, 21 
sale 1: 22, 32, 33, 34, 2: 6,7, 8-17, 
18, 21, 24, 26, 28. 40. 13:9, 
14: 8, 9, 19, 34 
salt bridge 6: 13, 14 
saltbush 2: 17 
salt deposits 
salt dome 14: 19, 13:8 
salt pans 2: 12, 13, 40 
saltpeter 14: 4, 21, 13: 41 
salt pollunion 2: 20 
salts 2: 40, 41, 42 
sand 9: 38, 40 
sand dunes 9: 19 
sandstones 9: 18 
saponification 2: 34, 36, 37 
sapphire 7: 8, 9, 12: 10 
saturated 3; 6,7 
scale 3; 10, 39, 
schist 9: 20 
scrubbing 2: 33, 13: 17 
























28 














scum 3: 40 

sea-salt 2: 13 

seawater 2: 13, 44, 45, 14: 4, 9, 
40,42 

seaweed 14: 4, 9, 40 





secondary battery 6: 13, 13: 31 

sediment 9: 18, 21 

sedimentary rocks 9: 18 

sediments 2: 10 

selenide 9: 41 

selenium 6: 42 

semiconductor 6: 43, 9 34, 35 

semipermeable membrane 1: 15, 
2: 14, 15, 16, 25, 6: 14, 15 

serpentine 9: 27 

sewage systems 14: 16 

shales 

sheet minerals 7: 7 

sheet silicate 9: 27, 29 

shells, orbital 1-15: 44 

S19: 4.44 

silica 42.26, 9: 9, 10, 14, 16, 29, 35, 
38, 39, 42, 43. 10: 26, 11: 38, 
12:10 

silicate 4: 40, 9: 8, 9. 11. 1 
20, 26 

silicate groups 9:9 

silicates 12: 10 

silicon 4: 29, 3 

444 
silicon bronze 5: 21 
silicon carbide 8 5, 9: 30 














18, 












silicon chip 9: 4, 34 
silicone 9: 3 

silicon wafer 1: 42, 9: 34 
silver 





silver bromide 5: 32, 33. 14: 42, 43 
silver chloride 5: 32. 33, 14:7 
silver chloride battery 6: 15 
‘silvering 5: 34 








silver iodide 5: 32, 33, 14: 40, 43 
silver oxide battery 
silver rush 
silver salts 
silver sulfide 5: 29, 13: 25, 44 
holes 
sinter 3: 17 
sintering 9: 29 
shy 4: 24, 26, 
12: 26 
slaked lime 3: 24, 28, 11; 14 
sluice box 










30, 40, 10: 10. 








sanelling salts 11: 12 
smelter 713, 18 
smelting 
snithsonite 6: 6 

smog 1s 34, 12: 41, 42, 13: 22 
smoke detectors 152 15 

woky quartz 9: 12, 15 





7, 52 11,628 








1105 5,45 
soup 130, 42, 2544, 95, 30-37 
soda 2 4, 30, 4 





soda ash 2: 29, 30,7: 16 

Souda ass 9: 39 

soda lakes 2: 41 

sodhichme glass 

sodium 1 36, 254, 6-39, 44, 756, 
911, 4, 

sodium alummate 2: 92, 7: 15, 17 

sodium azide Us 29 

sodhum bicarbonate 2: 28, 29 
M031, BLY 

souliuin carbonate 2: 28-29, 30-31, 
45, 75 3M, 85 15, 9: 39, 40 

sodium chlorate M4: 14, 24, 25 

2:6,7,8,9, 

29, 41 











sodium chloride 








sodium hydroxide 1: 3), 32, 34, 35, 
2:6, 26, 27, 30, 32-35, 36, 4 
14, 15, 5227, 6: 33, 41, 7: 14. 
15, 16, 13: 23, 25, 145 14, 19, 















20,21 

sodium ion He 34, 2: 9, 22,3 
14: 4, 20 

sodium metal 2: 6, 7 

sodium pellet 23 6 

sodium peroxydiulfate 13: 20 


in, radioactive 15: 20 

p stearate 2: 36 

sodium sulfite 13: 32, 3 

sodium sulfide 2: 33 

sodium salfite 132 20 

sodium thiosulfate 5: 33, 13: 33, 
14:45 

sodium triphosphate 11: 43 

sodium vapor lamps 2: 4 

soil 3: 12, 24, 28, 4: 16-17, 7: 43 

soil conditioner 3: 24, 28 

solar cell 6: 42, 9 

solder 10 

soldered 

solder glasses 10: 27 

Soliman’s Water 

soluble 1: 32, 9: 38 

solution 2: 23. 34, 3: 

















solution mining 2: 12 
Solvay, Emest 2: 28, 

Solvay process 2: 28-29, 32 
solvent 8: 28, 29, 31, 1 





SO, 13: 22 

space suits 7:30 

spectrum 1: 38 

sphalerite 4: 18, 6: 6, 13: 12 

spontancous combustion 11 
12 

stable 9 10 

stainless steel 4: 34, 35, 36 

stalactite 3: 14 

Stalagmte 3: 14. 39, 44 

starches 8: 43 

stars 1 6-7, 15: 31 

stanonary phase 7 35 

steam 3: 24 

steel 

















4: 30-35, 

25, 33, 10: 38, 
steel furnace 12: 25, 
steelmaking 1 
sterli 










Seomach 
Stone Age 9: 14 
stratoxphere 12: 12 
simations 4: 18. 9: 
strong acid 1: 18, 19, 20, 13: 18, 19, 
26 

ie alkali 1: 200 

strontiutn chk 





stro 











strontium-96 1 
strontum-94 15: 2 
styrene B: 35, 35 
styrofoam 8: 3 
subliunation 8: 14, 15 
sucrose Tz 24, Bs 19 
sugar 1: 24, 8: 10, 19 
sugars 12: 14 
sulfates: 13: 12, 
sulfide 10: 8 
sulfides 5: 6, 13: 8, 12, 16 
sulfites 13: 18, 32-33, 42 
sulfire 4: 19, 20, 21, 30, 40, 8: 34, 
35, 10: 10, 12, 11: 26, 13: 4 
6.44 
sulfur bridge 13: 39 
sulfur dioxide 2: 33, 42 10, 6; 8. 9 
10: 10, 12, 17, 125 13, 29, 
13: 5,9, 14, 16, 18-23, 28 
sulfur, flowers 4 
sulfuric aeid Uz 18, 24-25, 27, 37, 2: 








35,43 




















33, 4: 18, 19, 42, 6: 28, 7: 36, 
8: 19, 10: 10, 16, 17. 28, 2 
1s 36, 42, 43, 132 16, 18, 2 
31, 34, 43 


wulfurne acid, dilute 5: 24 
ulfurous acid 13: 18, 19 

sulfur esades 7: 40, 43 

sulfur tnoxide 13: 19, 28, 20 
Sun 1 6, 15: 30 

supernova 15: 31 
superphosphates 12 24, 112 42, 43, 








superphosphate fertilizers 13: 
suspension 4: 38, 13: 17 
swart 4:7 





swimming pool 14: 16, 17 
swimming pool disinfectant 14: 43 
switch 
synthene fiber 
synthetic ivery 








table salt 14: 4,9 
tale 9% 26 

tarnish 
tamishing 13: 
tartan acid 4: 18, 30, 8: 14 








tear gas 14: 26 
technenum 15: 20 
teeth 3: 5, 
Teflon 8: 
telluride 1 
temperature, © 

tempering 4: 33 

temporary hardness 3: 3% 
terephthalic acid B: 37 

tetracthyl lead 10: 32 
tetrafluorocthylene 8: 33, 142 36, 37 
tetrahedron 8: 8, 9:9, 10, 12: 10) 

1 







1, 33, 142 36 


tetraphosphorus trsulfide 11: 











thermometer 6: 31 
thermoplasne 8: 33, 14: 22 
thoron 15: 14 

Three Mile Islnd 15: 36 





tger’s-eve 9: 13 
tun 3: 36, 5: 18, 20, 6: 37, 724, 
6, 40, 10 5, F443, 45, 
232.33 

tn can 7: 33 

tincture of iodine 14: 40 

tun dioxide 10; 35 

tun oxide 10; 34, 35, 36 

tun plating 10: 38, 39, 12: 33 
titanium 7: 22, 9: 30, M. 14: 20 
titration fe 34, 35 

TNT 8: 6, 1: 13, 27 
toothpaste 2: 45 

topaz 12: 10 
Torncells, Evangelista 6: 30 
tourmuline 9: 22, 25 















210 
vertne 3: 8, 14, 16 
tnchlorocthylene 14: 30) 
mutrotoluene 8: 6, 11: 27 
mpod 4: 43 

temum 44, 15: 8, 17, 21, 30, 98 
tungsten 4: 4 

tungsten steel 

turbines 7: 
turpentine 14: 30 


U 








235, 








U5: 444 
ultraviolet hight 6: 35, 
12: 12, 14: 39, 


Universal Indicator 1: 20, 12: 18 
unleaded furel 10: 33 
unsaturated hydrocarbons 8: 29 
u-PVE 8: 33 

urmnium 15: 24-25, 34, 38, 44 
uranium fission 15: 28-29 
uranium hexafluonde 14: 3 
uranium oxide 15: 34 
uranium-235 15: 28, 29 
uraniom-238 15: 11, 17 

urea 1: 13, 











Vi 


vanadium 4: 34. 1 
vanadium pentoxide 13: 28 
vapor 2: 38 

veins 4: 18, 5: 6, 
Venus 13: 9 
vermiculite 
vinegar 1: 31 
vinyl 8: 33, 1 
vinyl chlonde 8: 33; see also 

chloroethylene 





30, 36, 9: 16 











6 








vinyl Muoride see Mluoroethytene 
viscous 9: 43 

yitrenus 2: 9 

Volta, Alessandro 6; 12 

voltage 9: 34 

von Liebig, Justus 5: 34 
vulcanization 8: 34, 


Ww 
water 9 37 


wallboard 3: 30 

washing 3: 40 

waste glass 9: 40) 

£9, 1-11, 28, 2: 6-7, 10, 

14, 15, 18, 22, 25, 30, 31, 34, 
35, 42, 3: 38, 40, 4:10, 11 
18, 8: 36, 9: 14, 26, 28, 29, 
12:4, 4,9, 14, 15, 18, 19, 38 

water of crystallization 13: 35, 

water supplies 14: 16 

water-sottener 3: 40 

Waterproot 9: 33 

weak 1: 29, 31 

weak acid 1: 19, 20, 13: 18, 19 

weak alkali 42 20 

weather 1: 29 

weathering 
a 

weedkillers 14; 24, 29 

welding 12: 39 

wet batteries 13: 30 

white gold 5: 42 

white lead 10; 24, 30 

white phosphorus 11: 38-39 

whitewash 3; 23 

World War 1 8:31, 13:40, 1 

World War 11 15: 38 

wrought bronze 

wrought iron 42 28, 29) 


x 
Xe 125,45 


xenon 1: 38, 99, 42, 45, 18: 20 
xenon-140 152 29 
X-rays 10: 26, 31, 15: 8, 14, 15, 36 


Z 


wane 1: 12, 37, 45 10, 41, 5: 18, 62 4, 

AL, 44, 7s 25, 10: 7, 11, 
12; 32, 33, 13: 8, 26, 14: 32 

anc—cadmaum battery 6: 13 

zinc carbonate 6: 6, 7 

anc cell 6: 12, 15 

zinc chloride 6: 17, 25 

zinc hydroxide 6: 41 

zinc oxide 6: 9, 24 

inc sulfate 6: 9, 1 

zinc sulfide 4: 18, 6: 6, 9, 25, 132 12 

zircon 9: 20, 21 

arconium 9: 

Zn 6: 4.4 
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Elements is designed to provide an accessible 
approach to chemistry. Each volume carefully 
and concisely presents the characteristics, 
behavior, occurrence, isolation, and uses of the 
most important elements and their compounds. 
Laboratory demonstrations are illustrated with 
step-by-step photographs that are linked to 
real-world applications. A wealth of 
definitions, facts, and supporting information 
ensures that readers will never be lost in this 
challenging but essential subject. 











Elements 
Hydrogen and the Noble Gases 
Sodium and Potassium 
Calcium and Magnesium 
Iron, Chromium and Manganese 
Copper. Silver and Gold 
6. Zinc, Cadmium and Mercury 
7. Aluminum 
8 Carbon 
9. Silicon 
10. Lead and Tin 
11. Nitrogen and Phosphorus 
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14. Chlorine, Fluorine, Bromine, and lodine 
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